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Abstract
When the question, What is the stereochemistry of product 
formation from a cyclohexyl radical?, is asked, the answer, that axial 
product formation is favored in cases where there is a preference, is 
easily verified by data in the literature. However, if the same 
question is asked concerning the cyclohexyl cation, the literature 
provides little useful information. For example, both the solvolysis 
of cis- and trans-k-t-butyIcyclohexyl tosylates, and the nitrous acid 
deamination of cis- and trans-k-t-butylcyclohexylamines are reported 
to give products having stereochemistry dependent upon the stereo­
chemistry of the reacting species. In order to determine the stereo­
chemistry of product formation from cyclohexyl cations, a number of 
reactions presumed to proceed through carbonium ion intermediates were 
carried out, and the stereochemistry of the products was determined. 
The reactions investigated include lead tetraacetate oxidative decar­
boxylation and anodic oxidative decarboxylation of cis- and trans-4-t- 
butylcyclohexanecarboxylic acids, chlorinolysis and brominolysis in 
acetic acid of cis-and trans-^-t-butylcyclohexyl 2,4-dinitrobenzene- 
sulfenates, and the thermal decomposition of cis- and trans-4-t- 
butylcyclohexyl chlorocarbonates. Of these reactions, only the lead 
tetraacetate oxidative decarboxylation yielded product mixtures having 
stereochemistry independent of the stereochemistry of the reactant.
The remaining systems gave products having stereochemistry related to 
the stereochemistry of the reactant.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The tertiary cyclohexyl cation, like the cyclohexyl radical, 
was found to yield predominately axial products. Chlorodehydroxylation 
of the isomers of l-methyl-4-toutylcyclohexanol gave 80^ axial chloride 
and 20^ equatorial chloride, products of the tertiary cyclohexyl cation. 
Hydrochlorination of the isomeric olefins 4-t^butyT-l-methylenecyclo- 
hexane and 1-methyl-^-^-butylcyclohex-l-ene provided a "pi" route to the 
same tertiary cyclohexyl cation. The axial chloride was the predom­
inant product from the hydrochlorination of both olefins.
xi
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I. Introduction
Earlier work in these laboratories has shown that bromo- 
trichloromethane adds by a radical pathway to cyclohexene to form only 
axial bonds.1 This preferential formation of the less stable axially 
bonded products is also observed in other reactions involving radical 
intermediates.2 An attempt to compare these results from radical 
intermediates with those reported in the literature from other tri- 
valent carbon intermediates showed the literature to be lacking in 
definitive data. This dissertation includes a study of a series of 
cyclohexyl carbonium ion reactions which were initiated to provide more 
information about the preferred stereochemistry of product formation 
from cyclohexyl cations. Although there is a substantial volume of 
literature describing carbonium ion reactions of cyclohexyl systems, 
few of the papers provide information useful in determining the 
stereochemistry of product formation.
Solvolyses of secondary alkyl tosylates are frequently cited 
as examples of carbonium ion processes. Hydrolyses of cis- and trans- 
4-^-bucylcyclohexyl tosylates in aqueous acetone give alcohols of 
inverted configuration and olefin.® With formic acid solvent a 
substantial yield of trans-5-t-butyIcyclohexano1 (the axial alcohol) 
is present (after hydrolysis) in the product mixture from the cis
*Tosylate is the commonly-used name for £-toluenesulfonate, although it 
does not have IÜPAC approval. Because of its common appearance in the 
literature, tosylate will be used in this Dissertation.
1
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2tosylate, while the products from the trans tosylate are essentially 
the same as with aqueous acetone.^ These results were taken to mean 
that the products from the trans tosylate come from an intimate-ion 
pair intermediate, whereas the products from the cis tosylate are 
formed from an intermediate with which there is competition between 
attack by solvent and hydride shift via a bridged species to form the 
rearranged axial alcohol. The acetolysis and formolysis products of 
cis- and trans-3-methoxycarbonylcyclohexyl tosylates apparently come 
from intimate-ion pair intermediates, as both isomers yield substitution 
products only of inverted configuration and olefin.^
Amine deaminations are often considered to be highly likely 
sources of alkyl cation intermediates.® The nitrous acid deamination of 
trans-4-t-butylcyclohexylamine® gives predominantly the trans alcohol, 
with small amounts of the cis alcohol and olefin. Nitrous acid deami­
nation of the axial amine, cis-4-t-butylcyclohexylamine,® gives predom­
inantly olefin with only 10^ of the conflgurationally retained axial 
alcohol, and of the equatorial alcohol. The amine-nitrous acid 
reaction has been studied extensively in the cyclohexane series,and 
equatorial amines are found generally to give equatorial alcohols in 
high yields. In contrast, axial amines yield substantial amounts of 
olefins, and no generalization can be made about the configuration of 
the substitution products. Since both tosylate solvolyses and amine 
deaminations of isomeric cyclohexane derivatives give products whose 
configuration is related to that of the starting materials, these 
reactions provide little useful information about the preferred 
stereochemistry of product formation from cyclohexyl cations.
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Addition reactions to double bonds, whether electrophilic, 
radical, or nucleophilic, proceed, in most cases, by a diaxial 
p a t h w a y h o w e v e r ,  the reactions of trans-A^-octalins (trans- 
bicyclo[^.4.0]dec-2-enes) provide conflicting data. In the Prins 
reaction, acid catalyzed addition of formaldehyde and water to trans- 
A^-octalin gives only the diaxial addition product.® On the other 
hand, deuterium chloride addition to $-MGtbyl-2-cholestene, a sub­
stituted trans-A®-octalin, gives the trans-diequatorial adduct.®’^®
Carbonyl compounds have been used as models of carbonium ions 
for kinetic investigations,^^ but the reactions of 4-t^butylcyclohexanone 
do not provide consistent stereochemical results. Addition of sodium 
acetylide in liquid ammonia gives an 8:1 ratio of axial-to-equatorial- 
attack (to give mainly axial-ethynyl)ethylmagnesium bromide in 
ethyl ether gives mainly (2.7:1) equatorial-attack;^^ and méthylmagnésium 
iodide gives almost equal amounts of the epimeric alcohols.^®
A number of other papers containing stereochemical data for 
reactions of cyclohexyl systems could be cited, but a summary of what 
stereochemistry can be expected from a cyclohexyl cation is almost 
impossible, simply because no clear-cut pattern emerges from the 
literature reports.
A study of salt effects on the rates of solvolysis reactions 
has led to the proposal of a series of carbonium ion pairs as intermediates 
This scheme is now widely accepted as the most accurate description of 
many carbonium ion reactions.
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RX ïî r'^x " ï± R"^ | |X" îi r"*" + X"
intimate solvent- dissociated
ion pair separated ions
ion pair
The counter ion may play an important role in the stereochemistry of 
product formation, and some of the apparently conflicting results in 
the literature may be due to product formation at different stages of 
solvation. In order to determine the stereochemistry of product forma­
tion from cyclohexyl cations, the counter ion must be far enough 
removed so that it does not influence the direction of attack on the 
cation. Evidence of such a "free" cation would be the formation of 
identical product mixtures from isomeric axial and equatorial reactants,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11. Results and Discussion
With 4-jt-butylcyclohexyl derivatives there is considerable 
energetic compulsion for the t^ -butyl group to be equatorial.^
Estimates of this energy term are only approximate, but the energy is 
sufficiently large to guarantee conformational homogeneity to most 
4-^-butylcyclohexyl derivatives. The remoteness of the 4-t^butyl 
group from the reaction center tends to minimize any polar, steric, 
or other more subtle effects which the jt-butyl group might have on 
the system. Thus, a 4-t-butyl substituent on a cyclohexane ring 
provides an opportune pathway to conformationally pure axial and 
equatorial simple cyclohexyl systems with no o'- or substituents.^
This dissertation includes a study of the reactions of several 
4-t^butylcyelohexyl systems.
A. Oxidative Decarboxylation Reactions
The first detailed study of the anodic reactions of carboxylic 
acids was reported by H. Kolbe in 1849.^^ This reaction, known as the 
Kolbe electrolysis has since been the subject of extensive investiga­
tions.^® The early work emphasized the synthetic utility of the 
reaction in which dimeric hydrocarbons were formed. This process can 
most easily be pictured as the coupling of two alkyl radicals generated 
by decarboxylation of the parent acid. Often other products, known as 
abnormal Kolbe or Hofer-Moest products, are present in the electrolysis 
reaction mixture, and it is these abnormal Kolbe products which are of 
interest here. These products, olefins, esters, alcohols, and ethers.
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6are not commonly found in the product mixtures of radical reactions. 
Anodic oxidation of exo- or endo-norbornane-2-carboxylic acid gives 
only the exo-norbornyl methyl ether, and exo- or endo-5-norbornene-2- 
carboxylic acid gives $-methoxynortricyleneThe formation of these 
methyl ethers is inconsistent with radical attack on solvent and is 
suggestive of cationic intermediates. Further, the ethers produced 
correspond to the products formed in solvolysis. Electrolysis of 
cyclobutanecarboxylic acid in water gives a mixture identical with 
that resulting from deamination of cyclobutylamine, again indicating 
cationic intermediates, The yields of abnormal Kolbe products are 
increased with the use of a carbon a n od e, An od ic  oxidation of 
medium ring carboxylic acids^® generates transannular rearrangement 
products, which are common to carbonium ion processes but rarely occur 
in radical processes, A comparison of the deamination and electrolysis 
products from pentanoic acid and butylamine shows a greater proportion 
of methylcyclopropane and isobutene in the electrolysis products, 
suggesting that higher energy carbonium ions are generated at carbon 
anodes than in solution.Recent studies indicate that the ester, 
alcohol, olefin and ketone abnormal Kolbe products may arise from a 
combination of radical and cationic processes, but the major portions 
of alcohol and olefin products are considered to come from cationic 
intermediates
The anodic oxidation of cis- and trans-4-t-butylcyclohexane- 
carboxylic acid was carried out with the anticipation that the stereo­
chemistry of the alcohol products would be useful in elucidating the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Tstereochemistry of product formation from a high energy cyclohexyl 
cation. The acids were prepared by the hydrogenation of jt-butylbenzoic 
acid over platinum oxide catalyst, and the cis and trans isomers were 
separated by the use of thiourea complexes. Electrolysis of 0,5 M 
aqueous solutions of the acids in the presence of an equimolar amount 
of base were carried out at elevated temperatures. The per cent 
conversion was quite low for both isomers, and yields were not 
calculated. The main products of the reactions were the cis- and 
trans-h-t-butylcyclohexanols. which were produced in a 1,0 to I,l6 
ratio from the cis acid and in a 1,0 to 2.4 ratio from the trans acid. 
The fact that the trans (equatorial) alcohol is the predominant product 
from both acids suggests that at least the majority of the alcohols 
from both isomeric acids arise from the same type of cyclohexyl 
cationic intermediate, and this intermediate preferentially yields 
equatorial products.
Oxidative decarboxylation effected by lead(iv) salts appears 
mechanistically comparable to electrolysis. Upon treatment with lead 
tetraacetate-pyridine in benzene, both endo- and exo-norbornane-2- 
carboxylic acids undergo smooth conversion to predominantly exo- 
norbornyl acetate,the same stereochemical result as previously 
described for the anodic oxidation of these a c i d s W h e n  either the 
optically active exo- or endo-acid is subjected to oxidative decarboxy­
lation in benzene solution, the resulting exo-acetate retains hyji 
optical purity. With acetonitrile as solvent, the exo-acetate product 
retains 55^ optical purity. Since it is known that the 2-norbornyl
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8radical undergoes carbon rearrangement only at greatly elevated 
temperatures,^ the main product of the reaction, racemic exo-norbornyl 
acetate, must come from a carbonium ion precursor. The small solvent 
effect observed between benzene (dielectric constant at 20° = 2 .28) and 
acetonitrile (dielectric constant at 20° = 3T»5) is not compatible with 
an assumption of competing cationic and radical processes, so all the 
norbornyl acetate must be formed from a single process which utilizes 
a cationic intermediate.^
Greater insight into the mechanism of this decarboxylation 
reaction is attained from rate studies, oxygen inhibition, and copper 
salt and peroxide catalysis, together with extensive product analysis. 
Alkyl radicals and lead(lll) species are found to be principal and 
vital intermediates in a radical chain m e c h a n i s m . G e n e r a l l y  
decarboxylation of secondary and more highly branched carboxylic acids 
makes the oxidation step^
R* + Pb^^ (alkene, ester)^® + Pb^^^
in the chain reaction of greater importance. Alkene can be formed from 
this step or by the disproportionation reaction of the alkyl radical; 
ester is formed only from this step by the reaction of the alkyl cation.
For the current study, lead tetraacetate oxidative decarboxy­
lations of cis- and trans-if-^-butylcyclohexanecarboxylic acid were 
carried out in benzene solvent in the presence of pyridine at 80°.
The main products from both isomeric acids were 4-t^butylcyclohexene
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9and cis- and trans-4-t-butylovelohexyl acetate. In contrast to anodic 
decarboxylation, which gave mainly equatorial alcohol, lead tetra­
acetate oxidative decarboxylation of both isomers gave essentially 
equal amounts of the cis- and trans-acetates. A slightly greater 
amount of axial (cis) acetate was formed from both acids. The fact 
that almost identical product mixtures were obtained from both isomeric 
acids points to a single, free, classical carbonium ion intermediate. 
The almost equal distribution of the acetates suggests that there is 
no preferential direction - either axial or equatorial - of product 
formation from this cationic intermediate.
Since the alkyl carbonium ion intermediate in the lead 
tetraacetate oxidative decarboxylation reaction has an alkyl radical 
as precursor, the stereochemistry of product formation from this 
radical precursor becomes of interest. The halodecarboxylation^»^® of 
carboxylic acids using lead tetraacetate and halide salts provides 
halide products formed from an alkyl radical which is formed in exactly 
the same manner under the same conditions as the radical precursor of 
the carbonium ion intermediate in the oxidative decarboxylation 
reaction. The principal difference between the mechanism for oxidative 
decarboxylation and halodecarboxylation is in the oxidation step. In 
halodecarboxylations, the chain sequence involves a ligand-transfer 
oxidation of the alkyl radical:^
Tw -n III
R* + Pb" X >  ^ & RX
n n-1
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10
In oxidative decarboxylations, the alkyl radical is oxidized by a 
lead(iv) species in an electron transfer process.
The halodecarboxylations of the cis- and trans-4-t- 
butylcyclohexanecarboxylic acids were carried out in benzene solvent 
with lithium chloride. The only products formed were cis- and trans- 
^-Jt-butylcyclohexyl chlorides. Both isomeric acids gave identical 
stereochemical results: The chlorides were formed in a cis ttrans ratio
of 2.04. The thermal decomposition of l-methyl-l-(cis- or trans-4-t- 
butylcyclohexyl)ethyl hypochlorite^® also gives this same 2.0 cis:trans 
chloride ratio, indicating that the same type of radical intermediate 
is formed in both reactions, and that the intermediate from the cis 
and trans reactants is identical. Further, this radical intermediate 
is twice as likely to form axial product as equatorial product. The 
preferential formation of axial chloride may imply that the radical is 
better represented by non-planar forms such as I or II, since a planar 
form such as III would probably favor attack from the equatorial 
direction on the basis of product control or the accessibility of the 
radical to attack.
H
III
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Since in the halodecarboxylation reaction the same radical 
intermediate is formed from both cis- and trans-U-t-butylcyclohexane- 
carboxylic acids, it follows that the oxidation of this radical would 
lead to a single type of carbonium ion intermediate. This cationic 
intermediate would be expected to be free in the classical sense; that 
is, at the time of generation it is not associated in any sort of ion 
pair or related to any particular leaving group. In the lead tetra­
acetate oxidative decarboxylation, the acetate products arise from such 
an intermediate. The nearly 1:1 distribution of these products in­
dicates that the attack on a free cyclohexyl cation is almost equally 
favorable, for whatever complexity of reasons, from both the axial and 
equatorial directions. Axial bond formation is slightly favored.
B. Sulfenate Ester Reactions
The extent and nature of the solvent environment of a 
carbonium ion strongly influences the stereochemical behavior of that 
ion. The chlorinolysis in acetic acid of alkyl 2,4-dinitrobenzene- 
sulfenates involves several sulfoxonium ion p a i r s . I n  this reaction
ROSAr +  Clg + HOAc -» RCl +  ROAc +  ArSOCl +  HCl
alkyl chlorides and alkyl acetates are formed along with arenesulfinyl 
chloride and hydrogen chloride. The ion pairing behavior of the inter­
mediates involved has been extensively characterized by means of the 
lithium perchlorate special salt effect c r i t e r i o n . S c h e m e  I 
summarizes the results of these investigations. As this scheme
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Scheme I
Mechanism of Chlorlnolysls In Acetic Acid of 
Alkyl 2,4-Dlnltrobenzenesulfenates^^'^^
RCOSAr Cl;
Cl
I I
RCOSAr
I I
X
Cl
t
RCOSAr
+
x “
(C104")
external sulfoxonium 
Ion pair
11
RC"^ X
(CIO4 ")
external carbonium 
Ion pair
(LICIO4 )
Cl
I I
RCOSAr 
' +
X
Intimate sulfoxonium 
Ion pair
1 1
RC"*" ..X
Intimate carbonium 
Ion pair
acetates 
other products
completely 
separated Ions
chlorides 
other products
X = Cl or OAc
12
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13
pictures, the solvent structure organized about the internal and 
external sulfoxonium ion pairs is transferred to the corresponding 
internal and external carbonium ion pairs.®® Adding lithium perchlorate 
to the system effectively reduces the amount of product arising from 
internal ion pairs by reducing the extent of external ion pair return 
and thus shifting the equilibrium away from intimate ion pairs. The 
proportion of product from external and completely separated ion pairs 
is correspondingly increased. The effect of lithium perchlorate on the 
product mixtures of systems studied has led to the conclusion that 
acetate products arise principally from solvent-separated carbonium 
ion pairs and chloride products arise from intimate carbonium ion 
pairs.®^ Thus, the stereochemistry of product formation from both 
kinds of ion pairs is subject to investigation.
Isomerically pure cis- and trans-4-t-butyIcyclohexyl 2,4- 
dinitrobenzenesulfenates were prepared from the isomerically pure al­
cohols and freshly recrystallized 2,4-dinitrobenzenesulfenyl chloride. 
The sulfenates were bright yellow crystalline compounds stable to lab­
oratory storage. Chlorinolysis in acetic acid of the sulfenates was 
effected at 20° with a 2:1 molar ratio of chlorine to sulfenate. The 
products were identified by comparison of their gas chromatographic (gc) 
retention times with those of authentic samples. The per cent yield of 
each product was calculated from the gc trace peak area and the relative 
response factor for that component. Both isomeric sulfenates were also 
reacted in the presence of lithium perchlorate to determine the effect of 
that salt on the product composition. The results are summarized in 
Table I.
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Table I
Effect of Lithium Perchlorate on the Product Distribution from 
the Chlorinolysis in Acetic Acid of cis- and 
trans-h -t-ButyIcyclohexvl 2,4-Dinitrobenzenesulfenates
Lithium Mole Ratio of
Isomer Perchlorate (m ) Chloride;Acetate Chloride Acetate Olefin
trans 0 .82 55.3 42.9 21.8
trans 0.067 0.47 16.5 55.0 48.5
cis 0.48 7 .0 14.6 78,4
cis 0.067 < 0.07 < 1 14.5 85.2
^Detected as the addition products formed by reaction of 4-^- 
butylcyclohexene and chlorine in acetic acid solvent.
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The chlorinolysis in acetic acid of trans-^-t-butylcyclohexy1 
2,^-dinitrobenzenesulfenate gives predominantly 4-t^butylcyclohexyl 
acetate; 4-jt-butylcyclohexene and 4-t^butylcyclohexyl chloride are 
formed in lesser amounts. In the presence of lithium perchlorate, the 
olefin becomes the prédominent product. Although the absolute amount 
of acetate decreases, the ratio of acetate to chloride increases almost 
two-fold; thus, the olefin is formed at greater expense of the chloride 
than of the acetate. This unequal effect of lithium perchlorate on the 
acetate and chloride products indicates that substantial amounts of 
these products arise from different intermediates. Earlier work^^»^^ 
has shown chloride to be exclusively a product of intimate ion pairs.
The decrease in yield of acetate with added lithium perchlorate 
indicates that a substantial amount of the acetate must arise from 
intimate ion pairs; whereas, the change in acetate;chloride ratio 
indicates a portion of the acetate must also come from other than 
intimate ion pairs. The great increase in olefin with lithium per­
chlorate addition suggests that olefin is formed mainly from either 
external ion pairs or completely separated ions.
Chlorinolysis of cis-4-t-butylcyclohexyl 2,4-dinitrobenzene- 
sulfenate yields predominently 4-Jk-butylcyclohexene in both the 
presence and absence of lithium perchlorate. The nitrous acid deamina­
tion of cis-4-t-butylcyclohexylamine also gives olefin in high yield.®
In fact, axial amines generally give high yields of olefin.^® The 
solvolysis of cis-4-t-butylcyclohexvl tosylate (axial tosylate) gives 
a greater percentage of olefin than does the equatorial tosylate.®
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Thus, the stereochemistry of an axial substituent appears to favor 
elimination over substitution, whereas an equatorial substituent, 
having no possibility for sterically preferred diaxial elimination, 
favors substitution products.
The effect of lithium perchlorate on the chloride:acetate 
product ratio from the cis sulfenate is dramatic. The chloride yield 
is reduced to < 1^, while the yield of acetate is only slightly reduced. 
Since the chlorides are known to be products of intimate ion pairs, 
the very small yield of chloride upon addition of lithium perchlorate, 
indicates that there is only a small proportion of intimate ion pairs 
remaining. Because the yield of acetate is not substantially reduced 
by lithium perchlorate addition, the preponderant amount of acetate 
must arise from solvent separated ion pairs or completely separated 
ions. The increase in olefin with lithium perchlorate addition 
indicates that olefin is also a product of solvent separated ion 
pairs or of completely separated ions.
Table II shows the isomeric distribution of the chlorinolysis 
products. Experiments were carried out without added lithium per­
chlorate and with O.O67 M  lithium perchlorate. Although lithium per­
chlorate addition reduces the absolute amount of chloride, the isomeric 
sulfenates give approximately 60^ chloride having inverted configura­
tions and hcyfo chloride having retained configuration.^ The fact that 
lithium perchlorate has no effect on the product distribution is 
expected and supports the conclusion that chlorides are formed via 
intimate ion pairs. Since the chlorides have a configuration which is
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Table II
*
Product Distributions from the Chlorinolysis in Acetic Acid of 
cis- and trans-4-t-Butylcyclohexy1 2,4-Dinitrobenzenesulfenates
20.0
trans (LiClO^) 10.3
cis 2.5
cis (LiCl0 4) <0.5
01 OAc
ax-01 eq-01 ax-OAc eq-OAc ax-OAc
1 5 . 5  
6.2
4 .5  
< 0 .5
14.2
16.0
1.1
1.6
29.0
IT.l
4.6
4.0
0.5
1.8
T.5
7.2
OAc
eq-OAc
1 .5
1.5
olefin
21.8
48.5
78.4
8 5 .2
Figures represent an average of two runs which gave numbers differing from the average by no more than 
3^ of the average figure.
18
directly related to that of the starting sulfenate, i^ .e., retention 
and 60^ inversion, these products are of little value in elucidating 
the preferred stereochemistry 01 product formation from "free" cyclo- 
hexyl cations.
Four isomeric acetates are formed in the chlorinolysis 
reaction: cis- and trans-^-t-butylcyclohexyl acetate (conveniently
referred to as 4-acetate), and cis- and trans-3-t-butylcyclohexyl 
acetate (conveniently referred to as 3-acetate). The trans sulfenate 
gives a very small amount of the axial-3-acetate, whereas this 
rearranged product is the major acetate from the cis sulfenate. Large 
yields of 3“P^oducts are also observed in the tosylate solvolysis and 
nitrous acid deamination of the axial tosylate and amine, respectively?’® 
A possible explanation for the formation of these rearrangement products 
from the axially-substituted reactants is the intervention of a hydrogen- 
bridged carbonium ion (iv). This bridged species may be pictured as 
arising from the axially substituted reactant with anchimeric assistance 
provided by the g-axial hydrogen.®
Ô+ OSAr
axial
O'
axial
eq
IV
ax
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Since the p-axial proton is the bridging proton, the bridge sterically 
inhibits product formation from an axial direction in the p position 
or from an equatorial direction in the a position, but the axial 
acetate is the predominant product in the sulfenate chlorinolysis. If 
the bridged ion were a transition state rather than an intermediate, 
then the rearranged cation could be pictured as giving mostly axial 
product, except that lead tetraacetate oxidative decarboxylation of 4- 
^-butylcyclohexanecarboxylic acid indicates there is little stereochemical 
preference for product formation from a cyclohexyl cation. It is 
possible that the axial proton on the next carbon participates
IV V
to form a second hydrogen-bridged ion (v) which would react to form 
axial“3 product.® The equatorial-3 product could arise from bridged 
ion IV, and would be the favored product if the association with the 
gegen ion were intimate enough to hinder attack at the carbon to which 
the gegen ion was originally bonded. A bridged ion such as IV would 
also account for the large amount of olefin product formed, since it is 
essentially the same as an intermediate formed by protonation of an
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alkene. The fact that no rearranged chloride products are formed®^ 
indicates that bridged ions such as IV and V must occur only in 
external ion pairs or dissociated cations. This is reasonable, since 
a greater amount of solvation would increase the lifetime of the ionic 
species and thus allow time for rearrangement to take place. The 
absence of ^-^-butylcyclohexyl chlorides indicates that the intimate 
ion pair is so shortlived that product formation or external ion pair 
formation takes place before there is sufficient time for rearrangement.
The almost negligible change in isomeric acetate distribution 
upon the addition of lithium perchlorate (Table II) to the cis 
sulfenate indicates the main part of the acetate is formed via solvent 
separated ion pairs or completely separated ions. In contrast, the 
change in the case of the trans sulfenate is quite striking. Without 
lithium perchlorate present, the ratio of equatorial-4-acetate to axial- 
h-acetate is about 2:1. The addition of lithium perchlorate changes 
this ratio to approximately 1:1, The reduction in yield of acetate 
with the addition of lithium perchlorate considered together with the 
change in isomeric distribution strongly suggests that without lithium 
perchlorate present a substantial amount of acetate is formed from 
intimate ion pairs. Further, the acetate formed from these intimate 
ion pairs must be very rich in configurationally retained equatorial-4- 
acetate. It is difficult to understand why configurationally retained 
acetate would be the favored product unless some sort of internal 
substitution takes place in the intimate ion pair when the gegen ion 
is acetate ion:
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H
6+
I
NO
This S^i process apparently does not occur in the case of the cis 
sulfenate, either because of the competing hydrogen migration process 
discussed earlier, or simply because of steric considerations. The 
more highly solvated external ion pair has very little preferential 
direction of attack and forms axial and equatorial products in 
approximately a 1 :1 ratio, just as was observed in the lead tetra­
acetate oxidative decarboxylation of cis- and trans-4-t-butylcyclo- 
hexanecarboxylic acids discussed earlier.
Brominolyses in acetic acid of the cis- and trans-4-t- 
butylcyclohexy1 2 ,^-dinitrobenzenesulfenates were carried out in the 
same manner as the chlorinolyses. The most striking feature of the 
brominolysis products shown in Table III is the complete absence of 
mono bromide product. A control experiment was run in which 4-^- 
butylcyclohexyl bromide was added to the reactants. The bromide was 
shown to survive the reaction conditions, so the possibility that 
monobromide is formed initially and then decomposed to secondary
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Table III
Product Distributions for the Brominolysis in Acetic Acid of 
cis- and trans-^-t-Butylcyclohexyl 2,4-Dinitrobenzenesulfenates
OAc
Sulfenate OAc
OAc
OAc
Olefin
3.3"
CD
. a
C I S 58.5+6.5 < 1 1 .8+ 0.0 3k.8+6 .1
" O cis (LiClO^) 5.5 58.3 l.k 5 .8 50.8
o
Q .
C
a
btrans 5.5 £5 .6 11 .0
o3
■o trans^ 5.7 88.8 7.5
o3"
CT trans (liClOx.) 0.5 5 .9 T2.T 22.T
figures represent an average of two runs.
^Some alcohol (U-trans) was present; relative percentages were obtained from gc data obtained after Regisil, 
a sllylating reagent, had been added to remove the alcohol peaks from the portion of the gc trace being 
analyzed.
^The product mixture also contained a mixture of the isomeric 4-t-butylcyclohexyl bromides.
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products can be eliminated. Since no monobromide is formed, the 
possibility arises that the intimate sulfoxonium ion pair VI forms 
in preference to ion pair V U  due to the weaker nucleophilic character 
of Br .
Br
I
RCOSAr 
+
_ -OAc _
Br
t
RCOSAr 
&
L  Br- J
VI VII
Although the usual order of nucleophilicity is Br >  Cl >  OAc , the 
order sometimes varies. The normal order of nucleophilicity is 
thought to be primarily a function of the increase in polarizability 
that accompanies the increase in the distance of the outer electronic 
shell from the nucleus of the nucleophile.^® However, this polariza­
bility becomes less important as the polarizability of the electrophile 
increases, because the driving force due to the polarization of a 
bonding orbital can now be furnished by the substrate. As the electro- 
philic atom becomes more polarizable, the nucleophilicity more nearly 
follows the base strengths of the nucleophiles,®®»®^ that is. Cl >
OAc >  Br . Thus, the nucleophilicity toward more easily polarizable 
sulfur does not parallel nucleophilicity toward less polarizable 
carbon,®® and therefore Br may not be a strong enough sulfur nucleo­
phile to compete with AcO in the intimate sulfoxonium ion pair.
Other possible explanations for the absence of monobromide product
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are that the intimate carbonium ion pair either never forms, that is, 
all of the intimate sulfoxonium ion pairs form solvent separated 
sulfoxonium ion pairs, or once it forms it produces solvent separated 
ion pairs rather than product. However, recent studies involving 
deuterium labelled compounds indicate that the latter equilibrium 
does not occur with the corresponding ion pairs involving chloride 
(that is, in chlorinolysis).®® Hence, this possibility seems remote.
For both the cis and trans sulfenates, addition of lithium 
perchlorate increases the yield of olefin and slightly increases the 
yield of rearranged acetate products. The fact that lithium perchlorate 
has any effect on the product distribution indicates the involvement 
of more than one type of ion-pair intermediate. The increase in 
rearrangement products with the addition of lithium perchlorate may 
simply reflect the effect of a time factor - the more highly solvated 
and therefore more stable solvent-separated ion pairs and completely 
separated ions have a longer lifetime and thus have more opportunity 
to rearrange. The change in product composition upon lithium perchlorate 
addition is not extensive enough to support further arguments.
C. Thermal Decomposition of Chlorocarbonates
The rate determining step in the thermal decomposition of 
chlorocarbonates is known to involve a carbonium ion, but the nature 
of this ion has not been fully defined. The decomposition of optically 
active a-phenylethyl chlorocarbonate gives optically active of- 
phenylethyl chloride.*® Substituted a-phenylethyl chlorocarbonates
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follow a Hammett op plot, with p = -5*56 (in toluene s olvent).This 
large negative p indicates that the reaction is facilitated by electron 
release of the substituent and implicates a carbonium ion process.
The relative rate of the decomposition of crotyl chlorocarbonates 
increases with the increase in ionizing power of the solvent used,^^ 
again indicating a polar intermediate or transition state. The 
reactivity of chlorocarbonates to decomposition, as determined by the 
relative decomposition rates, follows the order of stabilities of the 
carbonium ions which would be f o r m e d . A l l  of these data point to a 
carbonium ion intermediate in the decomposition reaction but reveal 
little of the nature of this carbonium ion. Neither the reactivity 
nor the degree of solvation of the carbonium ion is indicated. Recent 
work^^ with chlorocarbonates labeled with radioactive oxygen has shown 
that the breaking of the carbon-oxygen bond is not a reversible process; 
there is no scrambling of the 0^® label in recovered chlorocarbonate.
An equilibrium such as
1 " +R-0r8_c-cl ïi R —p  C-Cl
VIII
is thus excluded, as such an equilibrium would cause scrambling of the 
0^® label. These data do not exclude the possibility that ion pair VIII 
is formed, but only indicate that if such an ion pair is formed, it 
reacts to form products and does not return to starting chlorocarbonate.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
It may be that carbon dioxide is such a good leaving group that once 
the carbon-oxygen bond is broken, the expulsion of carbon dioxide occurs 
before any ion pair return can -take place. On the other hand, the 
expulsion of carbon dioxide and the formation of the chloride may be 
a synchronous process,which does not involve ion pairs such as VIII.
cis- and trans-^-t-Butylcyclohexyl chlorocarbonates were 
prepared and thermally decomposed to form the chlorides in order to 
investigate the stereochemistry of product formation from the cyclo­
hexyl intermediate involved, and also to learn more about the type 
of intermediate involved in such a thermolysis reaction. The cis and 
trans chlorocarbonates were prepared by the addition of phosgene to 
the isomerically pure 4-t^butylcyclohexanols. The chlorocarbonates 
thus obtained were decomposed without purification in refluxing dioxane 
for 1 .5 to 2 hours. The isomeric distribution of the ^-t^butylcyclo- 
hexyl chlorides formed was determined by gc analysis of the crude 
reaction mixture. The trans-4-t-butylcyclohexy1 chlorocarbonate 
yielded chlorides having a cis:trans ratio of 21:79* The cis 
chlorocarbonate gave a cis:trans ratio of 63:57* Thus, the predominant 
product is chloride of retained configuration. This result suggests 
an S^i (substitution, nucleophilic, internal) mechanism for the 
decomposition^^ involving a cyclic transition state.
0
\  II J. ^
-^C-O-C-Cl ,c=o
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Such a transition state would account for the predominance of con­
figurationally retained product. However, since the configurationally 
retained chloride is only the predominant product, and not the ' 
exclusive product, an S^i process can account only for the major part 
of the reaction mixture.
D. Tertiary Cyclohexyl Cations
All the reactions discussed so far have involved secondary 
cyclohexyl cations as the reactive species. Tertiary cyclohexyl cations 
are also of interest, and a series of reactions were carried out in 
order to gain insight into the stereochemistry of product formation 
from these intermediates.
The cis- and trans-1,5-dimethyIcyclohexanols have been 
separately treated with hydrogen chloride to convert them to the 
tertiary c h l o r i d e s T h e  rates of hydrolysis of the chloride products 
from the cis and trans alcohols were found to be identical. This 
identity was taken to mean either that the two possible isomeric 
chlorides must hydrolyze at exactly the same rate, or that one of the 
isomers is preferentially formed from both tertiary alcohols. The 
hydrolysis of the l-chloro-1 ,2-, l-chloro-l,5“, and l-chloro-1,4- 
dimethylcyclohexanes obtained from the corresponding alcohols proceeded 
with no indication of the presence of two chlorides which hydrolyze 
at different r a t e s A l t h o u g h  the analysis of rate data can demon­
strate the presence of two tertiary chlorides which hydrolyze at 
different rates,such data are not as precise as modern chromato­
graphic analysis in determining the isomeric purity of a compound.
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A Grignard reaction of 4-^-butylcyclohexanone and methyl 
iodide gave a 1 :1 ratio of cis:trans 1 -methyl-4-^-butylcyclohexanols. 
The alcohol mixture was converted to the isomeric acetates, which were 
separated by spinning band distillation and then hydrolyzed back to 
the alcohols, Chlorodehydroxylations of the isomerically pure 1-methyl- 
cis-4-t-butvlcyclohexano1 and the corresponding isomerically pure 
trans alcohol were carried out at room temperature by the addition of 
dry hydrogen chloride to the neat alcohol. The products, 1-methyl-cis- 
and -trans-4-t-butylcyclohexyl chloride, were identified by their nmr 
spectra (see Experimental for details); the isomeric ratios were 
determined by gc. Both alcohols gave the same distribution of chloride 
products: 80^ axial chloride, 20^ equatorial chloride. In an early
attempt to identify the isomeric chlorides, a selective dehydro­
chlorination was attempted by adding a small amount of the product 
mixture to an alcoholic solution of potassium hydroxide. It is 
interesting to note that heating this mixture causes olefin formation 
by dehydrochlorination, but the relative ratio of the two chloride 
products remains unchanged. This very crude kinetic result indicates 
that the two chlorides undergo elimination at essentially the same rate 
with no selectivity in the dehydrochlorination. This observation 
reinforces the possibility that the isomeric l-chloro-l,$-dimethylcyclo- 
hexanes mentioned earlier have identical hydrolysis rates; if this is 
true, kinetic analysis of the product mixture is not helpful in 
determining the stereochemical outcome of the reaction.
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The fact that the product mixtures from 1-methyl-cis-^-t- 
butylcyclohexanol and from the trans isomer are identical is taken to 
mean that an identical carbonium ion intermediate is formed from both 
isomers :
CH
OH
OH
CH
cr
C H
This carbonium ion suffers axial attack over equatorial attack by 4:1 
as evidenced in the products. Hydrochlorination of the olefins 4-_t- 
buty 1 -1 -methylenecyclohexane and 1 -methyl-4-_t-butylcyclohexene would 
presumably also go through such a tertiary cyclohexyl cation.
Solvolysis investigations which are probing for information 
about non-classical ions often use "a" and "ti" routes to a single 
cationic intermediate.^^Examination of products formed by a and tt 
routes to the same cation also yield information about the energetics 
of the intermediate ion.^^ The TT route to a carbonium ion involves
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anchimeric assistance to ionization provided by tt electrons in the 
system to give either a non-classical or a classical ion,'^ ^
OTs
TT
BsO
non-classical ion
0' a _  0
/"x
TT
classical ion
depending upon the system under investigation. The hydrochlorinations 
of 4-t^butyT-l-methylenecyclohexane and 4-_t-buty 1-1-methyl cyclohexene 
do not involve anchimeric assistance to ionization by tt electrons in 
the manner illustrated above, but Tf electrons are involved in the ion- 
forming process.
HCl
/
H
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Thus, hydrochlorination of these two olefins can be considered a tt 
route to the same tertiary cyclohexyl cation that is involved in the 
dehydrochlorination of the isomeric l-methyl-4-^-butylcyclohexanols.
l-Methyl-4-t-butylcyclohexene was prepared by the dehydration 
of an isomeric mixture of the 1-methyl-^-t-butylcyclohexanols with 
phosphorus oxychloride. The product was purified by spinning band 
distillation to >  995^  purity. Dry hydrogen chloride was added to a 
methylene chloride solution of the olefin, and the resulting products 
were examined by gc. The only products were the isomeric 1 -methy1-4-1- 
butylcyclohexyl chlorides, having a distribution of 65^ axial chloride 
and 55^ equatorial chloride. 4-^-Butyl-l-methylenecyclohexane was 
prepared by a Grignard-like reaction of 4-^-butylcyclohexanone and 
methylene iodide. The olefin was obtained in >  99^ purity by spinning 
band distillation. Hydrochlorination was carried out in the same 
manner as before and yielded of the axial chloride and $0^ of the 
equatorial chloride as the only products. Perhaps the axial chloride 
might be predicted to be the major product from the hydrochlorination, 
since most additions to double bonds proceed by a diaxial pathway 
However, deuterium chloride addition to $-methyl-2-cholestene gives 
the diequatorial adduct.®»^° The fact that axial chloride is the 
major product from the hydrochlorination of both l-methyl-i)--_t- 
butylcyclohexene and U-^-butyl-1-methylenecyclohexane is taken as an 
indication that axial attack on the intermediate carbonium ion is 
favored just as it is on the cation formed from the 1-methy 1-4-jt- 
butylcyclohexanols.
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It is intriguing that the cation formed from the alcohol 
shows a greater selectivity than does the cation formed from the olefin;
^ a s  compared to about 2:1. This difference in selectivity 
suggests the possibility that the TT route cation is of higher energy 
than is the a route cation, and is therefore less selective. Other 
studies^? of o and tt routes to carbonium ions have led to the conclusion 
that the tt route affords an opportunity to produce a "hot" carbonium 
ion. The excess energy which the tt route cation has as compared to 
the a route cation could be present in the form of vibrational energy, 
conformational distortion, or a relative lack of solvation.^^ If 
steric considerations are the main driving force for axial product 
formation, some sort of conformational distortion could increase the 
yield of products formed by equatorial attack from the tt route cations 
to give the observed products.
The high preference for axial attack can be explained by 
torsional interactions; such an explanation was originally proposed to 
explain the preferred axial attack on cyclohexyl radicals.'^® The cyclo­
hexyl cation most likely exists in a chair form with an essentially 
planar cationic center. Attack on this cation from an equatorial direc­
tion will result in torsional interactions because the methyl group must 
eclipse the equatorial hydrogens on Cg and Cg (Hge and Hge) at some stage 
in the reaction; no such interaction would occur with a^xial attack. 
Therefore, for reactions where there is substantial bond-making in the 
transition state, the preferred reaction path will be axial attack.
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Cl = front carbon 
Cg = back carbon
The endocyclic olefin, 1 methy1-4-^-butylcyclohexene, probably exists 
in a half chair conformation. After initial protonation, the molecule 
would have to undergo a conformational relaxation to the chair conforma­
tion. Reaction with chloride ion before the chair conformation is 
achieved could account for the greater amount of equatorial product 
from this olefin.
The preference for axial attack should be enhanced by the 
substitution of alkyl groups on either the 2 or 6 carbons. An axial 
substituent on either carbon 2 or 6 (or both) would sterically hinder 
equatorial attack; an equatorial substituent on either of these carbons 
would increase the torsional interactions described above for equatorial 
attack. Thus, in both instances the preference for axial attack would 
be enhanced.
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Ill. Summary
Table IV summarizes the stereochemistry of product formation 
from secondary cyclohexyl cations generated by tosylate solvolysis,^ 
amine deamination,® and the systems investigated in this dissertation. 
The first three entries name those reactants whose cis and trans 
isomers give similar or identical product stereochemistry. Anodic 
oxidation and amine deamination® yield predominently the equatorial 
alcohol from both axial and equatorial reactants. Lead tetraacetate 
oxidative decarboxylation gives almost equals amounts of the axial and 
equatorial acetates from both the cis and trans reactants. The fact 
that lead tetraacetate oxidative decarboxylation is the only system 
which gives identical product mixtures from the cis and trans reactants 
suggests that this is the only system studied where the same free 
cyclohexyl cation is formed from a pair of isomeric reactants. 
Halodecarboxylations of the same cis and trans acids lend support to 
the suggestion that the cation is free, as the chloride distribution 
is the same (but not 1:1) from both isomeric acids in this radical 
process. Although anodic oxidation and amine deamination® both give 
mainly equatorial alcohol, in both reactions the percentage of trans 
alcohol is greater for the trans reactant than for the cis reactant. 
Indeed, the trans:cis alcohol ratios for the cis reactants are only 1.15 
and 1 .5 for anodic oxidation and amine deamination, respectively.
The fourth and fifth entries in Table IV name those 
reactants whose cis and trans isomers give mainly products having
34
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Table IV
Stereochemistry of Product Formation from Secondary 
Cyr*iohexyl Cations
•X
Y
X Reaction
NHs
COOH
COOH
OSAr
OTs
OCOCl
deamination® 
anodic oxidation 
Pb(0Ac)4 oxidation 
chlorinolysis 
hydrolysis® 
thermolysis
OH
OH
OAc
Cl
OH
01
Predominant 
Stereochemis try
equatorial
equatorial
no preference
inversion
inversion
retention
Axial X
OSAr
OTs
Equatorial X
OSAr
OSAr
OTs
chlorinolysis
formolysis®
chlorinolysis 
chlorinolysis (liClO^) 
formolysis®
OAc rearrangement
OOCH rearrangement
OAc retention
OAc no preference
OOCH inversion
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inverted configuration. That is, cis reactant yields mainly trans 
product, and vice versa. The predominant path of these reactions is 
backside attack by the nucleophile, either in a concerted process, or 
from an ion pair in which rearrangement has not occurred.
The two reactions listed under axial reactants give mainly 
products formed by rearrangement cf the first formed carbonium ion.
This rearrangement probably occurs via a hydrogen bridged ion such as 
that described earlier. Presumably, the geometry of the axial reactants 
promotes rearrangement and elimination.
Acetates formed from intimate ion pairs in the chlorinolysis 
of the trans sulfenate have mainly retained configuration as do the 
thermolysis products of the cis and trans chlorocarbonates. This 
retention of configuration is probably due to an S^i mechanism. The 
S^i mechanism apparently does not compete with rearrangement in the 
chlorinolysis of the cis sulfenates. Acetates formed predominantly 
from solvent-separated ion pairs from the trans sulfenate (when hiClO^ 
is present) are formed without stereochemical selectivity. This result 
is the same one obtained from lead tetraacetate oxidative decarboxyla­
tion and suggests that a free carbonium ion is involved.
These data show that a secondary cyclohexyl cation not 
influenced by the leaving group is a rare species. Only the products 
of lead tetraacetate oxidation of k-^-butylcyclohexanecarboxylic acid 
and the acetates formed from solvent separated ion pairs generated by 
chlorinolysis of arenesulfenates appear to come from such a free ion.
The other reactions studied appear to occur predominantly via backside
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attack, an S^i process, or by rearrangement. The products from backside 
attack and S^i processes are greatly influenced by the orientation and 
proximity of the leaving group. Rearrangement appears to be governed 
by the geometry of the reactant.
Table V summarizes the stereochemistry of product formation 
from the tertiary cyclohexyl cation. The predominant product from 
both a and rr routes is the axial chloride, indicating preferred axial 
attack on the tertiary cyclohexyl cation. The preference for axial 
attack can be explained by torsional effects acting in the intermediate 
tertiary cation to hinder equatorial attack.
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Table V
Stereochemistry of Product Formation from 
Tertiar” Cyclohexyl Cations
Cl
Reactant + HCl -» CH3
80
80
20
20
65
TO
55
50
58
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IV. Experimental
A. General Statements
All nuclear magnetic resonance spectra were obtained on a 
Varian Associates Model A-6OA spectrometer unless otherwise stated. 
Carbon tetrachloride (CCI4 ) and deuterochloroform (CDCI3 ) were normally 
used as solvents with tetramethylsilane as the internal standard. The 
gas chromatographic (gc) analyses were effected using either a Beckman 
GC-5 or a Hewlett-Packard Model TOO gas chromatograph, each equipped 
with a flame ionization detector. Spinning band distillations were 
carried out on a Nester/Faust teflon annular spinning band column,
Model NFT-50. All melting points were obtained using a Thomas-Hoover 
Capillary Melting Point Apparatus, and all are uncorrected. The 
element microanalyses were done by Mr. Ralph Seab of these laboratories.
B. Anodic Oxidation of cis- and trans-k-t-Butylcyclohexanecarboxylic 
Acid
1. Preparation of cis- and trans-4-t-Butylcyclohexane- 
carboxylic Acids 
Although 4-t^butylbenzoic acid is commercially available from 
Eastman Organic Chemicals, it was not available in this laboratory and 
was prepared in the following manner. A Friedel-Crafts reaction of 
benzene and t^butyl chloride with ferric chloride catalyst yielded 
t-butylbenzene.'^® Reaction of _t-butylbenzene and acetyl chloride with 
aluminum chloride catalyst gave 4-Jt-butylacetophenone^° in 75^ yield.
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Treatment of this U-^-butylacetophenone with sodium hypochlorite gave 
4-t-butylbenzoic a c i d . 52 hydrogenation of $0 g of this acid in
150 ml of acetic acid with 2 g of platinum oxide and hydrogen, initially 
at 50 psi, was $0^ effected in 10 min. Complete hydrogenation required 
1 hr. The reduced product was recrystallized successively from ethanol, 
benzene, and ethyl acetate to yield the cis isomer, mp 116-117°. After 
collection of the cis isomer, all mother liquors were combined and 
evaporated to dryness; the residue was taken up in ethylene glycol and 
refluxed for 8 hr with potassium hydroxide. The mixture was poured 
into water and rendered acidic with hydrochloric acid; the crystals 
which separated were collected by filtration. This trans isomer product 
was recrystallized from ethyl acetate several times; mp 17^-176°.
The isomers can also be separated by the use of thiourea.
A solution of the cis,trans acid mixture in hot methanol saturated with 
thiourea was cooled to 0° and filtered. The crude solid thus obtained 
was dissolved in hot potassium hydroxide; acidification with hydro­
chloric acid solution gave the trans isomer, mp 175«5“17^*5°« When 
water was added to the methanol filtrate, the cis acid precipitated, 
mp 116-117° after recrystallization (ethyl acetate).
2. Anodic Oxidation of cis- and trans-k-t-Butylcyclohexane-
carboxylic Acid
The apparatus used is as pictured in Figure 1. The solution 
was stirred by a magnetic stirrer, and the temperature was regulated by 
a water bath. A U-tube containing Ascarite was placed in the system
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to monitor the amount of carbon dioxide being given off. In order to 
be effective in this way, the Ascarite must be fresh.
A solution of 5 g (0.0$ mole) of cis-4-t-butylcyclohexane- 
carboxylic acid, 1 ,2  g (0 .0$ mole) of sodium hydroxide, and 60 ml of 
water (for a 0 .$ M solution) was placed in the electrolysis apparatus, 
and current was applied. The electrolysis had to be interrupted 
repeatedly to remove a polymer-like material from the anode. It 
appeared that the current flowed more smoothly at 80°, so the reaction 
was carried out at 80° for about 4 hr after a preliminary period of 
about $ hr at $$-40°. A second run was made using $ g (0.016 mole) of 
acid, 0.6$ g (0.0l6 mole) of sodium hydroxide, and 60 ml of water. In 
this second run, the solution was heated prior to applying voltage in 
the hope that no anode coating would form at the higher temperature.
After about 2.$ hr at 80° the current flow had dropped to a negligible 
value, so the reaction was stopped. In both runs the work-up was the 
same: filtering the aqueous solution to remove any carbon particles, 
basifying with sodium hydroxide, extracting the basic solution with 
ether, drying the ethereal extract (magnesium sulfate), and concentrating 
it. The residue was then subjected to gc analysis. The aqueous portion 
from the work-up was made acidic with hydrochloric acid, and the 
precipitate was collected and weighed. In the first run acid was lost 
in the process of cleaning the electrode so that the material balance 
was low. In the second run 2.8 g (9$^) of acid was recovered. Because 
of the very small amount of products obtained, no yield could be 
determined. The main products were identified from their gc retention
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times (using 9*5 ft x ^ in Carbowax 20 M and 9*25 ft x ^ in XF-U[iO 
gc columns at 160°) as the cis- and trans-4-t-butylcyclohexanols. There 
were several unidentified minor products. The first run gave a cis:trans 
alcohol ratio of 0.86 (1,0:1.16), and that for the second run was 0.8? 
(1 ,0 :1 .15).
Electrolysis of trans-^-t-butylcyclohexanecarboxylic acid was 
carried out in the same apparatus. A solution of 5 g (0.016 mole) of 
trans acid, O .65 g (O.OI6 mole) of sodium hydroxide, and 60 ml of water 
was heated to about 45° before current was applied. The current flowed 
smoothly for 4.5 hr with the reaction temperature at 75"85°. During this 
time the anode eroded quite noticeably. The work-up was the same as 
that for the cis isomer electrolysis. The alcohol products, identified 
by their gc retention times (9*5 ft x ^ in Carbowax 20 M gc column at 
160°), were found to be in the ratio cis:trans = 0,42 (1.0:2.4). There 
were several unidentified minor products,
C, Lead Tetraacetate Oxidative Decarboxylation of cis- and trans-4- 
_t-Butylcyclohexanecarboxylic Acids
The method used is essentially that described by Corey and 
C a s a n o v a . T h e  apparatus was flame dried under nitrogen before use, 
and all reactions were carried out under nitrogen. The pyridine used 
had been dried over potassium hydroxide for more than 24 hr. The 
benzene was freshly distilled. A typical run is as follows: To a
chilled (0°) solution of 5 8 (O.O5 mole) of cis acid and 2.77 g (2.72 ml,
0.055 mole) of pyridine in 100 ml of benzene was added all at once
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
kk
1 7«T g (0 .0^ mole) of lead tetraacetate. The mixture was then refluxed 
for 8 hr. The benzene solution was clear, light yellow at first, but 
rapidly became cloudy due to the precipitate formed. The mixture was 
cooled and the white precipitate was removed by filtration. The 
filtrate was washed three times with dilute sodium hydroxide, two 
times with hydrochloric acid, and two times with water; it was then 
dried and concentrated. The product distribution is summarized in the 
table below;
Other cis:trans
Acid Olefin cis-Acetate trans-Acetate products Acetate Ratio
cis 38fo 30.4# 2T.lfo 1.12
trans 30.3/0 54.2/ 29-4/ ~ 5/ I.I6
The products were identified from the 100 MHz nmr spectrum of the mixture 
as 4-^-butylcyclohexene, and cis- and trans-4-t-butylcyclohexyl acetates. 
No acid was recovered. Gas chromatographic analysis (using a 10 ft x 
^ in Carbowax 20 M gc column at 130°) confirmed the nmr product identi­
fication, but also showed the presence of about 5/ of products not 
revealed in the nmr spectrum. These products were identified from their 
gc retention times as the isomeric 4-_t-butylcyclohexanols (about 3/) > 
and the isomeric 3“t.-butylcyclohexyl acetates (about 2/). The cis,trans 
pairs for both acetates and alcohols were present in about a 1:1 ratio.
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Do Halodecarboxylation of cis- and trans-^-t-Butylcyclohexanecarboxyllc 
Acid^»^
The halodecarboxylation was carried out in duplicate for both 
isomeric acids. The procedure for each run was as follows: A ^0 ml
3-necked, round bottomed flask was fitted with a nitrogen inlet cap­
illary and a condenser containing a calcium chloride drying tube; the 
third neck was stoppered. This apparatus was flame dried and flushed 
with nitrogen for several minutes to remove all oxygen. Dry benzene 
(10 ml), 1.0 g (0 .005^ mole) of isomerically pure ^-t^butylcyclohexane- 
carboxylic acid, 2.4 g (0.003% mole) of lead tetraacetate, and 1 .2 g 
(O.OI9 mole) of acetic acid were added to the flask and magnetically 
stirred under nitrogen until the lead tetraacetate had dissolved. About 
0,23 g (0 .005% mole) of lithium chloride was then added to the benzene 
solution. The lithium chloride was weighed as quickly and accurately 
as possible, but it absorbed water very rapidly, so the amount of dry 
reagent added could not be exact. The nitrogen flow was stopped, and 
the reaction flask was immediately placed in an oil bath previously 
heated to 80°. The reaction mixture clouded, and after 3O-6O sec began 
to evolve gas vigorously. The reaction was heated at 80-83° for about 
30 min, after which time gas evolution had ceased. The clear colorless 
benzene solution was decanted from the brownish solid which had precip­
itated. The benzene solution was washed three times with dilute per­
chloric acid, twice with sodium bicarbonate, and once with saturated 
sodium chloride solution, then dried and concentrated. Gc analysis 
(12 ft by i in XF-II5O gc column at 115°) of the oil obtained showed 
cis- and trans-%-t-butylcyclohexyl chloride as the only products. Both
%5
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isomeric acids gave identical product mixtures having cis:trans ratios 
of 2.04 with isolated yields of ^O-yO^, depending upon the care taken 
in the work-up. The gc cisrtrans ratio was confirmed by integration 
of the methine protons in the nmr spectrum.
E. Chlorinolysis in Acetic Acid of cis- and trans-4-^-Butylcyclohexyl
2,4-dinitrobenzenesulfenateS^
1. Preparation of Isomerically Pure cis- and trans-U-t 
Butylcyclohexanol 
An attempt to prepare isomerically pure cis- and trans-4-t- 
butylcyclohexanol by the fractional crystallization of their phthalate 
derivatives proved tedious, and was abandoned. Instead, it was found 
convenient to prepare the isomerically pure alcohols by hydrolysis of 
the corresponding isomerically pure acetates which could be cleanly 
separated on a spinning band distillation column; cis-4-t-butylcyclo- 
hexyl acetate, bp 104° (I5 mm); trans-4-t-butyIcyclohexyl acetate, bp 
110° (16 mm) .54a %his distillation affords an easy method of preparing 
the isomerically pure compounds in large quantities. The acetates were 
available as a commercial mixture of isomers. Hydrolysis was accom­
plished by refluxing the acetates for a short time in a solution of 
sodium hydroxide in 95^ ethanol. The trans alcohol prepared in this 
manner melted at T9"T9»8° (lit^ 81-82°); nmr (CCI4 ) Ô 3*^5 (broad 
multiplet, CHOH). The cis alcohol melted at T8-79° (lit® 80-8l°); 
nmr (CCI4 ) 6 3«98 (narrow multiplet, CHOH).
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2. Preparation of cis- and trans-U-t-Butylcyclohexyl 
Dinitrobenzenesulfenate^^
The 2,4-dinitrobenzenesulfenyl chloride used was freshly 
recrystallized from carbon tetrachloride; it melted sharply at 96-98° 
with no prior softening. Commercial (Aldrich) sulfenyl chloride used 
directly from the bottle gave yields only half as great as those 
obtained with the recrystallized material.
A mixture of 25.2 g (0.099 mole) of 2,4-dinitrobenzenesulfenyl 
chloride and I5 .6 g (0 ,1 mole) of trans-4-t-butylcyclohexanol in 220 ml 
of ethylene chloride was shaken in a stoppered, round-bottomed flask 
until all of the alcohol had dissolved. Dry pyridine (22 ml) was then 
added all at once to the ethylene chloride solution, whose temperature 
rose to about 40°. The reaction flask was stoppered and let stand at 
room temperature for 2.5 hr. The solid pyridinium chloride which 
precipitated was filtered off, and the solvent was removed from the 
filtrate on a rotary evaporator. The resulting oil crystallized upon 
standing. This crude solid was washed with a small amount of water 
and recrystallized from acetone. Second, and sometimes third crops 
were collected. These crops were recrystallized from acetone until 
their melting point was sharp. The yield from several runs was 50“  ^
of bright yellow crystals; mp 145.5-1^6°; nmr (CCI4 ) 6 0.8-2.5 (18, 
ring protons and _t-butyl group, 5.58 (m, 1, CHOSAr), 8.0 (d, 1,
J = 9 Hz, arom), 8.5 (d of d, 1, J = 9 Hz, J ' 2.4 Hz, arom), 9 .11
(d, 1, J = 2.4 Hz, arom). Anal. Calcd for CigHggNgOsS: C, 54.2;
H, 6 .5 . Found; C, 54.2; H, 6 .5 .
47
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The cis sulfenate was prepared in the same manner; mp I6L.5- 
162° (very sharp); nmr (CCI4 ) 6 0,8-2.5 (18, ring protons and t-butyl 
group), 3 .96 (m, 1, CHOSAr), 7.97 (d, 1, J = 9 Hz, arom), 8.5 (d of d,
1» J = 9, j' = 2.4 Hz, arom), 9*13 (d, 1, J = 2.4 Hz, arom). Anal. Calcd 
for CisHaaNaOsS: C, 54.2; H, 6.3 . Found: C, 54.3; H, 6,2.
3 . Chlorination in Acetic Acid of cis- and trans-4-t-Buty1- 
cyclohexyl 2,4-Dinitrobenzenesulfenate^^
The apparatus was thoroughly flame dried under nitrogen 
before use. The reactions were carried out at 20° in the dark with 
magnetic stirring. A typical run is as follows; Dry acetic acid,
150 ml freshly distilled from acetic anhydride, was pipeted into a 
round-bottomed flask fitted with a drying tube and a capillary inlet 
tube extending below the surface of the acetic acid, trans-4-t- 
Butylcyclohexyl 2,4-dinitrobenzenesulfenate (3.45 g, O.Ol mole) was 
added to make a 0,067 M solution. In runs containing lithium per­
chlorate, the lithium perchlorate was added at this point. In a 
Dry-Ice trap, 1.4 g (O.88 ml, 0.02 mole) of chlorine was collected, 
and the collection tube was attached to the capillary inlet. The 
chlorine was allowed to warm to room temperature and bubble into the 
reaction mixture. Following complete chlorine addition (I5-2O min) 
the mixture was stirred for about an hour. It was then poured into 
water and extracted four times with pentane. Any sulfonyl chloride 
which separated was removed by filtration. The pentane extracts were 
combined and washed with sodium bicarbonate solution and water, dried
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(magnesium sulfate), and concentrated. The following is a table 
showing the exact conditions of each run;
Acetic Acid Sulfenate Chlorine Lithium Perchlorate
Run # (ml) (s) (m ) (ml) (g).......... (M)
trans-1 150 5.54 0.067 0,88
trans-2 150 5.54 0,067 0,88
trans-5 75 2.55 0,096 0 ,61 0,64 0,08
trans-4 84 2.0 0,067 0 ,49 0 .5 0 ,056
cis-1 75 1 ,8 2 0.068 0,45
cis-2 250 4,77 0,067 1,48
cis-3 84 2,0 0,067 0,49 0.5 0 ,056
cis-4 84 2,0 0,067 0,49 0,5 0 ,056
The mixture obtained in each run was subjected to gc analysis.
Separation of all components was difficult, but of the columns used 
(9.5 ft 10^ Carbowax 20 M, 6 ft UC-W98, and 9*5 ft and 12 ft 5^ XF-II50, 
at temperatures from 110-l60°), the 12 ft XF-II5O proved to be the 
most satisfactory; it was the only column which would resolve the two 
monochlorides. The products were identified by comparison with 
authentic samples. The structures of the olefin addition products were 
not determined, but the gc trace of these products was identical to 
that obtained from the products of the addition of chlorine to 4-^- 
butylcyclohexene (see E, 7)» Even with the most efficient gc column 
used, the peaks for cis- and trans-4-t-butylcyclohexanol overlapped 
other peaks in the gc trace. To correct for this overlapping, Regisil,
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a silylating agent, was added to a sample of the product mixture, and 
the resulting decrease In the peak area of the gc trace at the 
retention time of the alcohols was taken as an indication of the 
amount of alcohol originally present. The alcohol content measured 
in this way varied from 0-2^ of the product mixture, depending upon the 
run. The alcoh;, is assumed to come from partial hydrolysis of the 
chloride during work-up^^ and is tabulated together with the chloride.
The area per cents obtained from the gc traces were converted 
to mole per cents by determining the response values for the chlorides, 
olefin, and olefin addition products relative to trans-4-t-butylcyclo- 
hexyl acetate. The isomeric acetates were shown to have identical 
responses, and the isomeric chlorides were assumed to have identical 
responses. In order to determine the response factor of the olefin 
addition products, a weighed amount of olefin containing a weighed 
amount of acetate was reacted with chlorine in acetic acid. Since 
the relative molar amounts of olefin and acetate were now known, the 
relative gc responses could be calculated directly from the peak 
area of the gc trace. In this way, the difficult process of identifying 
the olefin addition products was circumvented. The product distributions 
are summarized in Table II, The per cent olefin addition products are 
denoted as per cent olefin,
4, Preparation of 4-t-Butylcyclohexene
A benzene solution containing 45 ml of thionyl chloride was 
added dropwise over 2 hr to a stirred solution of 100 g of
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-butylcyclohexanol in 200 ml of benzene. The solution was stirred 
at room temperature overnight. Excess thionyl chloride and the solvent 
were removed under reduced pressure and the 4-t^butylcyclohexene was 
distilled, bp 50° (10 mm) [lit® bp 65-66° (20 mm)], nmr (CCI4 ) 6 5»^
(m, 2, olefinic protons).
5 . Hydroboration^® of 4-t^Butylcyclohexene
To 26 g (0.188 mole) of 4-t^butylcyclohexene in I50 ml of 
dry tetrahydrofuran (distilled from lithium aluminum hydride) was 
added 82 ml (O.O82 mole) of 1 M borane solution in tetrahydrofuran.
The addition required about 20 min and was carried out at 0°. The 
solution was stirred for 2 hr at 10°, after which time O .5 ml of 
water was added, and then 5O ml of 2 M  sodium hydroxide was added 
dropwise with the reaction flask kept cold. During 1.5 hr, 50 ml of 
30^ (0 .3 mole) hydrogen peroxide was added followed by 25 g of potassium 
carbonate. The organic and aqueous layers were separated, the aqueous 
layer was extracted twice with ether, and the organic layers were com­
bined and dried (magnesium sulfate). Removal of the solvent gave 20.4 g 
(70^  of an oil presumed to be a mixture of the four possible isomeric 
alcohols, Gc data (on both 9*5 ft Carbowax 20 M and 9*25 ft XF-U50 
columns) gave only two product peaks, although the nmr spectrum (CCI4 ) 
indicated at least three separated alcohol-methine absorptions: ô 3*45 
(OTOH for trans-4-t-butylcyclohexanol), 4.0 (CHOH for cis-4-t- 
butylcyclohexanol), 4.1 (assumed CHOH for trans-3-t-butylcyclohexanol).
A mixture of the 20.4 g of crude alcohol, 20 g of sodium acetate, and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
!52
100 ml of acetic anhydride was refluxed for 5 hr, cooled, poured into 
ice water, and extracted with ether. The ether was removed from the 
dried extract solution and the residue was subjected to gc analysis.
Four different columns (9 ,5 ft Carbowax 20 M, 6 ft UC-W98, and 9*25 ft 
and I2 ft XF-II50) showed four cleanly separated acetate peaks of 
approximately equal intensity, indicating approximately equal yields 
of the four possible alcohols in the hydroboration reaction. Comparison 
with authentic, isomerically pure samples showed the second peak to 
be cis-Ij--1-butyleyelohexyl acetate, and the fourth peak to be 'trans-4- 
^-butylcyclohexyl acetate. The mixture of acetates was subjected to 
spinning band distillation. The component corresponding to the first 
gc peak proved to have an nmr spectrum indicative of trans-3-t- 
butylcyclohexyl acetate: nmr (10^ in CDCI3) ô 0,83 (s, t-butyl), 2.05
(s, OCOCH3), 0,8-2,1 (ring protons with the t-butyl and OCOCHg protons • 
superimposed, total 2l), (in shape indicative of equatorial proton,
CHOAc), The component corresponding to the third gc peak proved to 
have an nmr spectrum corresponding to cis-3-t-butylcyclohexyl acetate: 
nmr (10^ in CDCI3) Ô 0,83 (s, jt/butyl), 2.02 (s, OCOCH3), approximately 
4.65 (m, broad shape indicative of axial proton, CHOAc),
6, Partial Hydrolysis of Isomeric Acetate Mixture
As further evidence for the validity of the identity-peak 
assignments made in E, 5» the acetate mixture was hydrolyzed with 0.5 
molar equivalent of sodium hydroxide by refluxing for 12 hr in 95^ 
ethanol, Gc analysis showed the third and fourth peaks were greatly
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reduced in size relative to the first and second peaks. The equatorial 
acetates are known^^^»^ to undergo hydrolysis more rapidly than the 
axial acetates, so the third and fourth peaks are equatorial acetates. 
This kinetic analysis agrees with the assignment of the third peak to 
cis-3-t-butylcyclohexyl acetate.
T. Chlorination in Acetic Acid of k-^-Butylcyclohexene 
In a flame-dried apparatus protected from light, 0.5 g (O.5 ml,
0.007 mole) of chlorine was added over 5 min to a solution of 50 ml of 
dry acetic acid (freshly distilled from acetic anhydride) and 1.0 g 
(0.0072 mole) of k-t-butylcyclohexene. The solution was colorless 
moments after the chlorine addition was complete. The solution was 
stirred at 20° in the dark for about 1 hr/ poured into iced water, and 
extracted with ether. The ethereal solution was washed with sodium 
bicarbonate, dried (magnesium sulfate), and concentrated. Gc data 
(6 ft UC-W98) indicated four major products and numerous minor com­
ponents. Identification of the products proved difficult and was 
not accomplished, but the gc data were useful nonetheless for analysis 
of the sulfenate chlorinolysis mixtures.
F. Bromination in Acetic Acid of cis- and trans-^-t-ButyIcyclohexyl
2.4-Dinitrobenzenesulfenates.
1. Preparation of k-^-Butylcyclohexyl Bromide 
To 2.0 g (O.OI5 mole) of a mixture of cis- and trans-4-t- 
butylcyclohexanol in 5 ml of carbon tetrachloride was added at room
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temperature l.U g (0.5 ml, 0,0051 mole) of phosphorus tribromide. Upon 
addition of the phosphorus tribromide, the solution warmed and began 
bubbling vigorously. The reaction mixture was cooled in an ice bath 
until the bubbling stopped, then was stirred at room temperature for 
about 5 hr. An nmr spectrum showed no HCOH remaining. The mixture was 
poured into water and the products were extracted into ether. The ether 
extracts were washed with sodium bicarbonate and water, dried (magnesium 
sulfate), and concentrated to 1,6 g (57^)of an oil. Gas chromatographic 
analysis on 9*5 ft Carbowax 20 M  gc column at 160° gave two peaks having 
retention times of 27 and 28,8 min. An nmr spectrum (CCI4 ) showed axial 
(6 4,18) and equatorial (6 4.67) CHBr in the ratio 44:56, The nmr 
integration of C Œ r  to the remainder of the protons was 1:18, as 
expected for CioHigBr,
2, Brominolysis in Acetic Acid of 4-^-Butylcyclohexyl
2,4-Dinitrobenzenesulfenates 
The bromination was carried out in essentially the same 
manner as the chlorination; work-up of the reaction mixture was 
identical. The liquid bromine was added all at once to the acetic 
acid solution, and the reactions were carried out at elevated tempera­
tures, Table VI summarizes the reaction conditions used.
Monobromide was present only in the reaction product mixture 
from run trans-6 (monobromide added initially), indicating that bromide 
is not formed in the reactions but is able to survive the reaction 
conditions. The olefin formed in the reactions was detected as olefin
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Table VI
Reaction Conditions for the Brominolysis of cis- and trans- 
if-^-Butylcyclohexyl 2,4-Dinitrobenzenesulfenates
Acetic Acid 
(ml)
Sulfenate
(g) (m )
Bromine
(ml) Rx. Time & Temp
Lithium Perchlorate 
(g) (M)
cis-3 85 2 .0 0.067 0 .62 24 hr at 25°, 1 hr at 80°
cis-6 85 2 .0 0.067 0 .62 5 hr at 50°
cls-T h2 1 .0 0.07 0 .31 2 hr at 47° 0.25 0.055
trans-5 85 2 .0 0.067 0 .62 3 hr at 45-50°
trans-6^ 65 1.5 0.067 0.46 2.5 hr at 45-50°
trans-T 21 0.5 0.07 0.16 1 hr at 55° 0 .13 0.055
CD
Q .
O
C
"O
CD
C/)
C/)
^Added 0.2$ g (0.0011 mole) of 4-^-butylcyclohexyl bromide to the reactants.
V J IVJl
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addition products. The gc trace of these products was identical to 
the gc trace of the products of the addition of bromine in acetic acid 
to 4-t-butylcyclohexene. The area per cents of the gc trace of the 
products were converted to mole per cents by the same procedure as 
described in E. 5» The product distributions are summarized in 
Table III.
3. Bromination in Acetic Acid of 4-Jk-ButyIcyclohexene
The bromination reaction was carried out in a manner similar 
to the chlorination of 4-t^butylcyclohexene (see E. ?). In a flame- 
dried apparatus protected from light, 4-t-butylcyclohexene followed 
by an equimolar amount of bromine was added to dry acetic acid (freshly- 
distilled from acetic anhydride). The solution became colorless 
moments after the bromine had been added. The reaction mixture was 
stirred at room temperature in the dark for about 20 min, poured into 
iced water, and extracted several times with ether. The ethereal 
extracts were combined, washed with sodium bicarbonate, dried (magnesium 
sulfate), and concentrated. Product analysis was not attempted. The 
gc trace (6 ft Ucon) of the products corresponded to a portion of the 
gc trace of the product mixture from brominolysis in acetic acid of 
the 4-t^butylcyclohexyl 2,4-dinitrobenzenesulfenates, the portion 
identified with "olefin addition products".
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G. Thermal Decomposition of 4-^-ButyIcyclohexyl Chlorocarbonates"^^
1. Preparation of cis- and trans-4-^-Butylcyclohexyl 
Chlorocarbonates 
The cis and trans chlorocarbonates were prepared by the 
addition of phosgene to the isomerically pure 4-Jk-butylcyclohexanols. 
Because of the toxic nature of phosgene, the reaction was carried out 
in a hood under a nitrogen atmosphere. The phosgene was bubbled 
through a sulfuric acid trap before entering the reaction flask, and 
the effluent was bubbled through a sodium hydroxide trap and then 
directed into a sink with the water flowing. The system was never 
opened while phosgene was present. The procedures for cis and trans 
alcohols were essentially identical, A mixture of 0,4 g (0,0025 mole) 
of trans alcohol and 20 ml of ether was placed in an addition funnel 
which was directed into a three-necked, 50 ml reaction flask. About 
30 ml of anhydrous ether was placed in the flask and cooled to -78° in 
a Dry Ice-acetone bath under a nitrogen atmosphere. Phosgene gas was 
introduced over a short period while the ethereal solution in the flask 
was kept at -78° and mechanically stirred, A portion of the alcohol- 
ether mixture was added dropwise until gas (presumably HCl) was no 
longer evolved. The alcohol addition was interrupted and phosgene 
was again added until the ether solution appeared to be saturated with 
phosgene. This procedure was repeated until all of the alcohol had 
been added. The solution was stirred at -78° for 3 hr and then over­
night at room temperature under a slow nitrogen flow. This prolonged 
flushing with nitrogen ensured the removal of all excess phosgene from
57
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the system and at the same time efficiently removed the ether solvent, 
leaving the crystalline product in the flask. An nmr (CCI4 ) spectrum 
of the crystalline product showed absorptions at 6 O.&f (t^butyl) and 
4,70 (CHOCOCl) indicative of the product chlorocarbonate. No alcohol 
was recovered.
An nmr (CCI4) spectrum of the crystalline product obtained 
from the cis alcohol had absorptions at 6 5.12 (CHOCOCl) and 4,04 (CHOH) 
in a 2:1 ratio, indicating 555^  of the alcohol had not reacted.
2. Thermal Decomposition of 4 -Jt-But y 1 eye lohexyl Chloro- 
carbonates^^
a. trans-^-t-ButyIcyclohexyl Chlorocarbonate
The crude trans chlorocarbonate prepared in H.l was refluxed 
in £-dioxane for 1.5 hr and the products were examined by gc (12 ft 
XF-II50 gc column at 120°). The 4- it-butyIcyclohexyl chloride cis;trans 
ratio was 21:79. There were five peaks of longer retention time present 
in the gc, but these were not identified. Three of these peaks were 
very small. The identified chlorides were responsible for about 55^ 
of the area of the gc trace for the mixture.
b. cis-4-t-Butylcyclohexyl Chlorocarbonate
The crude cis chlorocarbonate-alcohol mixture prepared in H.l 
was used without purification. The decomposition was carried out in 
refluxing dioxane for 2 hr. The products were examined by gc and a 
cis;trans chloride ratio of 6$:$7 was obtained. Two peaks of longer
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
retention time were present in the gc trace; one comprising of the 
area of the gc trace, was identified as the cis alcohol, the other, 
responsible for of the gc __ace area, was not identified. The 
identified chlorides were responsible for 48^ of the area of the gc 
trace for the mixture.
H. Chlorodehydroxylation of l-Methyl-4-t^-butylcyclohexanol
1. Preparation of l-Methyl-4-^-butylcyclohexanol 
To $.12 g (0 ,13 mole) of magnesium turnings in a flame-dried 
apparatus under a nitrogen atmosphere was added 18.5 g (O.I3 mole) of 
methyl iodide in ether solution. More methyl iodide was added as 
needed to bring about complete reaction of the magnesium. After this 
methyl Grignard solution had been heated for 1 hr, an ether solution of 
20 g (0 .13 mole) of 4-^-butylcyclohexanone was added dropwise over 2 hr. 
The mixture was refluxed for 30 min, cooled, and poured into iced water. 
Ammonium chloride was added, the organic layer was separated and 
washed with water, and the aqueous layer was washed once with ether.
The organic layer and the ether wash were combined, dried (magnesium 
sulfate followed by calcium sulfate), and concentrated. The resulting 
clear solution crystallized upon standing to give 17.5 8 (79^) of 
product, which gc showed to be a 1;1 mixture of only two components. 
Separation of the isomeric alcohols on alumina^ proved to be extremely 
tedious, and not well suited to obtaining large amounts of isomerically 
pure material. Therefore, the alcohols were converted to the acetates 
by refluxing for ^ hx ±n a sodium acetate-acetic anhydride mixture.
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The reaction mixture was poured into iced water and extracted with ether;
the ethereal solution was dried and concentrated. The resulting
mixture of acetates was subjected to spinning band distillation. The 
distillation had to be discontinued when a solid blocked the condenser.
Gc analysis showed the liquid forerun and the solid to be the 
separated components of the acetate mixture. An nmr (CCI4 ) spectrum of 
the liquid portion showed singlets at ô 0.8ÎJ- (t-butyl), 1.42 (C-CHg), 
and 1 .92 COCOCH3 ). The solid, mp 47-49°» gave an nmr (CCI4 ) spectrum 
with singlets at 6 O .85 (_t-butyl), 1.47 (C-CHg) and 1.88 (OCOCH3). The 
configurations of the acetates themselves were not determined ; instead, 
the acetates were hydrolyzed to the alcohols in ethanolic sodium
hydroxide and the configurations of the alcohols were determined. The
liquid acetate gave 1 -methyl-cis-4-t-butylcyclohexano1; mp 70-71° (lit^^ 
mp 71°), nmr (CDCI3) 6 O .87 (singlet, ^-butyl), 1.20 (singlet, CggCO).
The solid acetate gave l-methyl-trans-4-t-butylcyclohexanol; mp 96-97*5° 
(lit^ "^  97.8°), nmr (CDCI3) 6 0.07 (s, t-butyl), 1.22 (s, CH3C0)
2. Chlorodehydroxylation of 1-Methyl-4-_t-butylcyclohexanol'^‘^»^®
Gaseous hydrogen chloride was passed over 1.0 g of 1-methyl- 
trans-4-t-butylcyclohexanol for 5 hr at 0°. Very little liquification 
of the alcohol occurred during this time, so the addition was continued 
at room temperature with a more rapid stream of hydrogen chloride until 
all of the alcohol liquified. The water layer was removed with a pipet. 
Excess hydrogen chloride was removed under reduced pressure, and the 
reaction mixture was then flushed with nitrogen. A gc trace (12 ft
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XF-1150 column at 110°) of the products showed peaks after $.4 min and
4.7 min in an 82:18 ratio. No alcohol was present. The two peaks were 
subsequently identified (see I, 5) as the isomeric 1-methyl-4-Jt- 
butylcyclohexyl chlorides, with the axial chloride predominating.
The cis alcohol treated in a similar manner gave the axial 
chloride in 78^ yield and the equatorial chloride in 22^ yield. A 
mixture of the isomeric alcohols treated with hydrogen chloride produced 
axial chloride in 82^ yield and equatorial chloride in 18^ yield.
Anal. Calcd for C11H21CI: C, 70.0; H, 11.2. Found : C, 70.4; H, 11.6.
5 . Identification of the l-Methyl-4-^-butyIcyclohexyl 
Chlorides
Simple distillation was of no help in separating the isomers.
A selective dehydrochlorination was attempted by adding a small amount 
of the product mixture to an alcoholic solution of potassium hydroxide. 
Several runs were made in which the temperature was varied from 25° to 
reflux temperatures. The amount of olefin increased, but the isomeric 
chloride ratio remained constant. The two chlorides were separated on 
a Perkin Elmer F2l Preparative Gas Chromatograph using a 10 ft by J in 
5^ Carbowax 20 M gc column at 80°. The lOOMHz nmr spectra of the iso­
merically pure chlorides were examined in order to determine the line 
width of the 1 -methyl group, and from that the stereochemistry of the 
i s o m e r . F o r  each stereoisomer, four scans were made with at least 
three different rf field values®^ at a sweep width of 50 Hz. The 
samples were dissolved in CDCI3 ; benzene was used for the external
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lock, and tetramethylsilane was added as an internal standard. The 
difference in line width at half height of the 1-methyl group and 
tetramethylsilane, was calculated, see Figures 2 and 5 for
illustrations of the method of measurement. The chloride comprising
about 80^ of the product mixture was found to have a M  value of
H
0.19 + 0 .03 cps, which indicates rn equatorial methyl g r o u p . T h e  
chloride present as about 20^ of the product mixture had a value 
of 0.66 + 0.10 cps which indicates an axial methyl group®° having long 
range coupling with the axial protons of the adjacent methylene groups. 
The values are the average of four scans. The accuracy in the case 
of the axial methyl was limited by the shape of the methyl absorption 
which made the choice of the baseline difficult (see Figure 5)*
I. Hydrochlorination of 1-Methyl -4 -^-bu ty Icyc lohexene
1. Preparation of 1-Methyl-4-t-butylcyclohexene^^
To a cold (0°) solution of I6 g of 1-methyl-4-t^-butylcyclo- 
hexanol in 140 ml of pyridine was added dropwise 16 ml of phosphorus 
oxychloride. The mixture was stirred at room temperature overnight and 
then poured into water. The aqueous solution was extracted three times 
with ether. The ether extracts were combined, washed three times with 
cold hydrochloric acid solution and once with brine, dried, and concen­
trated. Gc analysis showed a major product, 02^ of the gc trace area, 
and five minor products. The major product was purified by spinning 
band distillation and identified as l-methyl-4-t-butylcyclohexene; 
bp 75° (11 mm), nmr (CCI4 ) 6 0,86 (s, ^-butyl), 1,6 (broad singlet, 
Cg3-C=C), 2 ,5-0 .8 (broad absorption, ring protons), 5.35 (m, H-C=C).
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Figure 2
Measurement of Relative Peak Widths at 
Half Height, AW^, for TMS and
1-Chloro-trans-l-methyl-U-t-butylcyclohexane
65
'h (CHs ) “
- ”h (i m s) ■ <=P=
-CH
AW„ = 0,16 cps
TMS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3
Measurement of Relative Peak Width at Half
Height, of IMS and 1-Chloro-
H
cis-l -me thy 1 -4 -^-b utyl eye lohexane
64
M(TMS)
= 0.57 cps
IMS
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2. Hydrochlorination of l-Methyl~^~^-butylcyclohexene 
In a 10 ml, 2-necked flask fitted with a condenser and gas 
inlet tube was placed 0.5 ml of 4-t^butylcyclohexene and 1.0 ml of 
methylene chloride. Gaseous hydrogen chloride was bubbled in over a 
period of 40 min. The hydrogen chloride addition was stopped, and the 
system was flushed with nitrogen to remove any excess acid. Gc analysis 
(6 ft Garbowax 20 M gc column at 110°) of the crude product mixture 
showed 6 5.7^ of 1-methyl-cis -t-butyIcyclohexyl chloride (axial Cl) 
and of 1-methyl-trans-^-t-butylcyclohexyl chloride (equatorial Cl).
(The peaks were identified by use of authentic samples.) A second run 
gave 64.2^ of the cis chloride and 55*8^ of the trans chloride.
j. Hydrochlorination of %-t-Butyl-l-methylenecyclohexane
1. Preparation of il--^-Butyl-l-methylenecyclohexane®®
In a flame-dried apparatus under a nitrogen atmosphere were 
placed 16 g (0 .7 mole) of magnesium turnings and 50 ml of anhydrous 
ether. The reaction was initiated with a few drops of methylene iodide 
after which 350 ml of ether was added to the reaction flask to control 
the reaction. An ether solution of 38 g (O.38 mole) of 4-^butylcyclo- 
hexanone and 100 g (O.38 mole) of methylene iodide was added over a 
period of 3«5 hr. When the ketone-methylene iodide addition was 
complete, the mixture was refluxed for 2 hr, then poured over ice. 
Ammonium chloride was added to facilitate the separation of the organic 
and aqueous layers. The layers were separated, and the aqueous portion 
was extracted once with ether. The ether layer and wash were combined.
$
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washed twice with water and once with brine, dried (magnesium sulfate), 
and concentrated. Simple distillation would not separate the methylene 
compound from the five minor products formed, so the reaction mixture 
was subjected to spinning band distillation to give > 99^ pure -^jt- 
butyl-l-methylenecyclohexane;®^ bp T8° (18 mm), nmr (CCI4 ) Ô 4,52 (m,
2, C=C^).
2. Hydrochlorination of 4-^-Butyl-1-Tnethylenecyclohexane 
The hydrochlorination and product analysis were carried out 
in the same manner as for l-methyl-4-^-butylcyclohexene (see J. 2).
The first run gave 70,0^ l-methyl-cis-4-t-butylcyclohexyl chloride 
(axial Cl) and $0.0^ trans chloride (equatorial Cl). A second run 
gave 68.7^ cis chloride and $1 .$^ trans chloride.
K, Miscellaneous Syntheses and Attempted Syntheses
1. Attempted Chlorodehydroxylation of 4-_t-Butylcyclohexanol 
The following procedures were carried out in an attempt to 
convert 4-^-butylcyclohexanol into the corresponding chloride.
Method I; Thionyl chloride was added dropwise to a solution of the 
alcohol in benzene, and the resulting mixture was stirred overnight at 
room temperature. After the solvent had been removed, an nmr spectrum 
(CCI4 ) showed multiplets at 6 5.08 (seven line pattern, axial CHOSOCl) 
and 6 5-51 (multiplet, equatorial CgOSOCl), indicating alkyl chloro- 
sulfite. Distillation afforded mainly olefin: bp 50°/lO mm; nmr
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(CCI4 ) ô 5*6 (m, 2, olefinic protons). Only trace amounts of the 
expected chlorides were present: nmr (CCI4 ) 6 4.57 (®> 1, equatorial-
CHCl), 5.64 (m, 1, axlal-CHCl)
Method II: A mixture of equimolar amounts of the alcohol, triethyl-
amine, and thionyl chloride in anhydrous ether was stirred at room 
temperature overnight. A very small amount of cis-chloride was formed, 
but most of the alcohol was recovered.
Method III: ^  Anhydrous hydrogen chloride was bubbled into a cold (-5°) 
solution of alcohol and acetonitrile in anhydrous ether. The reaction 
mixture was allowed to stand overnight. Work-up gave only recovered 
alcohol. Repetition of this procedure using trichloroacetonitrile®'^ 
rather than acetonitrile also gave only recovered alcohol.
2. Phthalate Derivative of trans-4-t-Butylcyclohexanol^
A solution of 4-7 g of a mixture of cis- and trans-4-t- 
butylcyclohexanol and 4-7 g of phthalic anhydride in ^0 ml of dry 
pyridine (dried over potassium hydroxide) was heated to 100° for I .5 hr. 
The solution was cooled and an equal volume of acetone was added; the 
resulting solution was poured over a mixture of 30 ml of concentrated 
hydrochloric acid and ice. More water was added to precipitate the 
oil, which solidified upon stirring. The solid was removed by filtra­
tion and recrystallized from ethyl acetate; mp 145-144°. Successive 
crops were collected and recrystallized as needed to obtain a sharp 
melting point. Steam distillation of 30 g of this phthalate derivative
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from a solution of 4$ g of sodium hydroxide in 240 ml of water gave a 
solid product which was identified as the trans alcohol, mp T9“T9*B° 
(lit® 81-82°); nmr (CCI4 ) 6 5*^5 (broad multiplet, CHOH).
5 . Preparation of 4-^-Butylcyclohexanone 
To a solution of 60 g (0 ,58 mole) of the cis- and trans-4-t- 
butylcyclohexanols in 300 ml of acetic acid was added a slurry of
26.7 g (0.27 mole) of chromium trioxide in 200 ml of acetic acid. The 
reaction mixture warmed to about 50° upon addition of the chromium 
trioxide. The mixture was stirred at room temperature overnight and 
then poured into I .5 1 of water. This aqueous mixture was divided 
into portions, and each portion was extracted five times with pentane. 
The pentane extracts were combined, washed with sodium carbonate and 
then with water, dried, and concentrated on a rotary evaporator to give 
an oil in 75^ yield. The ketone product crystallized upon standing, 
mp 48-50° after distillation (lit® mp 47.5-48.5°).
4. Hydrogenation of 4-^-Butylcyclohexanone 
The preparation of pure cis-4-t-butylcyclohexanol has been 
achieved by the catalytic reduction (platinum oxide) of the correspond­
ing ketone in glacial acetic acid, followed by chromatographing the 
reduced product to purify it.® In these laboratories 37 g (0.24 mole) 
of freshly distilled ketone (mp 48-50°) was hydrogenated in 100 ml of 
acetic acid (freshly distilled from acetic anhydride) with platinum 
oxide as catalyst under an initial pressure of 50 psi of hydrogen. In
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50 min 95/6 of the theoretical amount of hydrogen had been taken up.
The reaction was complete in one hour and was worked up in the usual 
manner, Nmr evidence showed h'ÿ<f> cis isomer [(CCI4) 6 4.0 (complex 
multiplet, CHOH)], and 55^ 6 trans isomer [6 5*^5 (complex broad 
multiplet, CBDH)]. Because the cis isomer comprised less of the 
isomeric product mixture than of a commercial mixture of the isomeric 
alcohols, this method was abandoned as a preparatory method for cis- 
4-^-butyIcyclohexanol.
5. Attempted Preparation of 5-^-Butylcyclohexyl Chloride^^
To 110 g (1.2 moles) of t^butyl chloride and IO7 g (1.5 moles) 
of cyclohexene was added 6 g of bismuth trichloride. The bismuth 
trichloride turned pink immediately and then darkened. The mixture 
was stirred in a glass-stoppered flask at room temperature for 4 hr, 
after which time an aliquot (0.2 mole, 32 ml) was taken. An additional 
1 g of bismuth trichloride was added to the aliquot and the mixture was 
refluxed for I .5 hr. The mixture turned from cloudy yellow to black 
upon heating. The mixture was cooled and the liquid portion was 
decanted from the viscous black residue. The liquid portion was washed 
three times with water, dried, and distilled. No alkylation product 
was obtained. After three days, 3 g of additional bismuth trichloride 
was added to the main reaction vessel, and the resulting mixture was 
refluxed for 5 hr. The mixture was worked up as before. Distillation 
gave only cyclohexyl chloride, bp 35° (10 mm), in addition to starting 
materials. There was a large amount of tar-like residue.
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6 , Attempted Preparation of 4-t^-Butylcyclohexene 
To 75 g (0.48 mole) of a cold (salt bath, -14°) mixture of 
cis- and trans-4-t-butylcvclohexanol in 4$0 ml of pyridine was added 
dropwise 88 ml (147 g, O .96 mole) of phosphoryl chloride. After the 
addition was complete, the mixture was stirred over the weekend at 
room temperature. The reaction mixture was slowly poured over ice; it 
reacted very vigorously with the ice-water mixture. A solid separated 
from the resulting aqueous solution. The solid was taken up in ether, 
and the aqueous layer was extracted twice with ether. The ethreal 
extracts were combined, dried, and concentrated. Little olefin was 
obtained; alcohol was recovered.
TO
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Appendix I.
NMR Spectra of Cyclohexyl Compounds
It is generally easy to distinguish the nmr absorption of an
axial proton from that of an equatorial proton on a cyclohexane ring.
In the absence of complicating factors, equatorial protons absorb
downfield from their axial counterparts.®® The width of the
absorption is also highly characteristic. The width at half height,
W , is the value generally measured, and W for an axial proton is 
H H
generally larger than 15 Hz while that for an equatorial proton is 
generally less than 12 Hz.®^ Figures 4 and 5 clearly demonstrate 
these phenomena. The axial proton of trans-^-t-butylcyclohexyl-2,^- 
dinitrobenzenesulfenate (Figure 4) absorbs at 6 5*58 with a W of 
about 20 Hz, whereas the equatorial proton of the cis isomer (Figure 5)
absorbs at 6 5.96 with a of about 7 Hz,
Table VII summarizes the chemical shift absorption positions 
of the axial and equatorial protons at C-1 of the 4-t^-butylcyclohexyl 
systems investigated in this study and gives the available literature 
values. The effect of solvent can be seen in the case of the chlorides,
A study was made of the effect of solvents on the chemical shift of
absorptions of the cis- and trans-4-t-butylcyclohexyl acetates. The 
acetates were studied as a 1:1 mixture of the cis:trans isomers. The 
results are given in Table VIII.
71
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Table VXII
Solvent Effects on the Chemical Shifts* of Some Proton Absorptions in the NMR Spectra of 
1;1 Mixtures of cis- and trans-4-t-Butylcyclohexyl Acetates
0
Solvent Concentration t^butyl “O-C-CH3 CH-0
pyridine r-> 10^ 0 .7 6, 0 .81 1 .98, 2.01 4 .7 0, 5 .09
EMSO-ds 10^ 0 .8 2 1 .96, 2.00 4 .53, 4 .90
CDCI3 ^  10^ 0 .86 2 .01, 2.05 4 .60, 5 .01
CCI4 0 .86 1 .91, 1 .96 4 .52, 4 .95
benzene 2.010^^ 0 .7 5, 0 .82 1.77 4.68, 5 .02
benzene lO^i 5# 0 .7 3, 0.81 1.74 4 .7 0, 5 .10
Given in ô units with TMS as reference.
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Appendix II
Electrolysis of Carboxylic Acids
Ao Introduction and General Procedure
Anodic oxidation of several carboxylic acids was attempted 
in order to learn more about the mechanism of the electrolysis reaction 
and about carbonium ions in general. The acids studied include hydro- 
cinnamic acid a -d s , bicyclo[5.1.0]hexane-exo-6-carboxylic acid, 
bicyclo[2^ .1.0]heptane-exo-Y-carboxylic acid, 4-cyclooctene-l-carboxylic 
acid and 2-phenylcyclohexane-l-carboxylic acid. All of these acids 
gave a very low conversion to products which greatly hindered product 
analysis; most of the acid was recovered in each electrolysis reaction. 
The difficulty in product analysis led to abandonment of the project 
before it was completed.
Two DC power sources were used for the electrolysis reactions. 
The first, which will be referred to subsequently as power source A, 
has an output of O-I5O volts, but is limited to O .5 amp. The second, 
power source B, has output ranges of either O -56 volts and 0-5 amps 
or 0-18 volts and 0-10 amps. The voltage and current were monitored 
by an ammeter-voltmeter. All electrolysis reactions were carried out 
under a nitrogen atmosphere; the reaction vessel was flushed with 
nitrogen for 5-10 min before current was applied. Stirring was 
effected by a magnetic stirrer. Diagrams of the electrolysis cells 
used are shown in Figures 1 and 6. The work-up for each run was 
essentially the same. The reaction mixture was filtered to remove
76
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Figure 6
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any carbon particles, the filtrate was made strongly basic with 
sodium hydroxide, and the products were extracted into ether. The 
ether extract was dried and concentrated, and the products were 
examined. The aqueous portion of the reaction mixture was rendered 
acidic with hydrochloric acid, and the carboxylic acid which separated 
was extracted into ether. This ether solution was also dried and con­
centrated, and the recovered acid was collected.
B. Hydrocinnamic acid a-dg
Hydrocinnamic acid a-dg was selected for this investigation
on the premise that electrolysis of the deuterated acid would provide
further insight into the question of phenyl bridging in carbonium 
ion processes.
h II ^ 0CH2CD2X: 0CD2CH2X
/' +''•
CH2-CD2-COOH CH2-CD2
II
0-CH-CD2H
I
X
III
Products I and II could arise from such a bridged ion, whereas product 
III would be formed through a 1,2 hydride shift process.
An attempt was made to deuterate the sodium salt of commercial 
hydrocinnamic acid in sodium deuteroxide and deuterium oxide, but the 
acid remained undeuterated after 1 week at 75°. Therefore, the
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deuterated acid was prepared via deuterated benzylmalonic acid."^^ In 
a nitrogen-flushed dry box, 5 «09 g (0.0159 mole) of benzylmalonic acid 
and 5.1 g (0.15 mole) of deuterium oxide were placed in a heavy-walled 
reaction tube. The tube was sealed and heated overnight at 5^° in a 
Parr pressure apparatus. The tube was cooled, opened, and the water 
was removed by vacuum distillation. An nmr spectrum of the product 
showed > 80^ a-deuteration; nmr (pyridine) 6 5.68 (broad singlet,
Ph-CHp) ; the absorption for the a-proton (CH-COOD)^) was reduced to 
< 20^ of its original size. The deuterated benzylmalonic acid 
[0CH2CD(GOOD)2 ] was decarboxylated by heating under vacuum for 9 hr; 
nmr (GDCI3 ) 6 2.95 (broad singlet, CHp-CD?, 2.55 H) , 85^ 0 a-dg. Heating 
for shorter periods at lower temperatures gave incomplete decarboxyla­
tion.
Five electrolysis runs were made using hydrocinnamic acid. 
Table IX lists the conditions of each run. Very little product forma­
tion was noted; the acid was largely recovered. The products obtained 
were analyzed by nmr and shown to be a mixture of 2-phenylethanol 
[nmr (CHCI3) 6 2.77 (t, 2, 0-CH2, J = 7), 3*71 (t, 2, CHgOH, J = 7)] 
and 1-phenylethanol [nmr (CHCI3) 6 1.45 (d, 5» CH3 , J = 6 .5), 4.78 (q,
1, 0-CH, J = 6 .5)] in approximately a 1 to 2.5 ratio from all runs. No 
styrene was found in the product mixtures from any of the runs. One 
run using hydrocinnamic acid a-dg was carried out, but the position 
of the deuterium could not be deteirmined by nmr methods due to the 
small amount of products formed.
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Conditions of Electrolysis of Hydrocinnamic Acid^
Acid
(moles)
Sodium Hydroxide 
(moles) Solvent^ Rx. time (hr)
Current Density 
(amp/cm^)
Recovered 
Acid (^)
0.05 0.04 HgO 8 0.06 c
0.05 o.o4 5:4 8.5 0.024 c
0.05 0.04 5 A 10.5 0.05 85
0.07 0.05 5:2 12 0.052 79
O.OT 0.03 3 :2 25 0.035 77
O.OT^ 0.04 5 :2 12 0.04 c
^All runs were carried out at 40-60° using power source A.
g ^The apparatus shown in Figure was used with 4$ ml solvent. Numbers refer to volume ratios of water:
oC
^-butyl alcohol.
CD * “
3  Ç
The recovered acid was not weighed,
o' J
? Hydrocinnamic acid or-dg.
g
c. Bicyclo[5.1.0]hexane-toto-6-carboxylic Acid and Bicyclo[4.1.0]- 
heptane-exo-7-carboxylic Acid
exo-6-Bicvclo[3.1.0Ihexylamine undergoes nitrous acid deamin­
ation to give 1 -cyclohexen-3-o 1 as the major p r o d u c t b u t  the 
corresponding tosylate is inert to solvolysis,72a,b indeed, exo-6- 
bicyclo[3.1 .0]hexy1 tosylate is 90^ recovered after 5 months in 
acetic acid at 150°. The anodic oxidation of bicyclo[5.1.0]hexane- 
exo-6-carboxylic acid would indicate where in the scheme of reactivity 
the intermediate of the electrolysis reaction belongs — whether with 
the high energy cation from deamination, or with the lower energy 
solvolytic cation.
When the electrolysis of b i c y c l o «1«0Ihexane-exo-6- 
carboxylic acid proved difficult, the electrolysis of bicyclo[4.1.0]- 
heptane-exo-T-carboxylic acid was attempted. The larger ring system 
is less strained, and would undergo electrolysis more readily than the 
bicyclohexyl system if ring strain is causing the enertia to electrolysis, 
exo-7-Bicyclor^.1.0Iheptyl tosylate readily undergoes acetolysis to 
give a 1 :1 mixture of exo-7 -bicyclo[4.1 .0]heptyl acetate and
l,5-diacetoxycycloheptane.^^^*t)
Both exo-bicyclic acids were prepared by the addition of 
ethyl diazoacetate to the appropriate cycloalkene. The ethyl diazo- 
acetate was prepared by standard procedures in the following steps:
81
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1. Preparation of Methyleneaminoacetonitrile^^
A solution of 7^T S (9*^5 moles) of 57^ formaldehyde solution 
and 270 g (5 .0 moles) of ammonium chloride was placed in a 5 liter 
flask which was fitted with a mechanical stirrer and cooled by an ice- 
salt bath. To this solution was added 450 ml of an aqueous solution of 
2^5 g (4 .9 moles) of sodium cyanide. After about half of the cyanide 
solution had been added, the addition of I90 ml of glacial acetic 
acid was started at such a rate that the addition of the acid and 
cyanide solution would be completed at the same time. The addition 
required about 4 hr, after which time the reaction mixture was stirred 
at 0° for an additional 1.5 hr. The precipitated product was collected, 
stirred with 1 liter of water, collected again, and dried on filter 
paper. The methyleneaminoacetonitrile was obtained in 67^ yield,
mp 126-128° (lit*^ ® mp 129°).
2. Ethyl Aminoacetate Hydrochloride‘S
A mixture of 8OO ml (68O g, l4.8 moles) of 96^ ethanol,
70 g (1 mole) of methyleneaminoacetonitrile, and ^00 ml (400 g, 8.7  
moles) of absolute ethanol saturated while cold (0°) with I63 g of 
hydrogen chloride was refluxed for 5 hr in a 3 liter round-bottomed 
flask. The mixture was filtered while hot to remove the precipitated 
ammonium chloride. As the filtrate cooled, the ethyl aminoacetate 
hydrochloride separated as fine white crystals. The crystals were 
collected and air dried to give the product in 88^ yield, mp 142-143° 
(lit74 mp 142-143°).
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5. Ethyl Diazoacetate^^
The entire preparation was carried out in a hood as ethyl 
diazoacetate is potentially explosive and is also toxic and prone 
to cause development of specific sensitivity.'^^ A well-stirred 
mixture of 1^ 1-0 g (1 mole) of ethyl aminoacetate in 250 ml of water 
and 600 ml of methylene chloride was cooled to -5° (by an acetone- 
Dry Ice bath) and flushed with nitrogen. The mixture temperature was 
lowered to and an ice-cold solution of 85 g (1.2 moles) of sodium
nitrite in 250 ml of water was added dropwise with stirring, followed 
by the addition of g of a 5^ by weight solution of sulfuric acid.
The acid was added as rapidly as possible without the reaction 
temperature exceeding 1°. The reaction mixture was transferred to an 
ice-cold 2 liter separatory funnel, and the organic layer was run into 
1 liter of 5^ sodium bicarbonate solution. The aqueous layer was 
extracted once with 75 ml of methylene chloride which was then added 
to the bicarbonate solution. The methylene chloride and bicarbonate 
solutions were shaken together until no acid remained. The organic 
layer was separated, transferred to a dry separatory funnel, and shaken 
for 15 min with I5 g of anhydrous sodium sulfate. The dried ethyl 
diazoacetate solution was filtered through cotton, and the bulk of the 
methylene chloride was removed at 56O mm. The remainder of the solvent 
was removed at 20 mm with the pot temperature < 55° to give ethyl 
diazoacetate in 88^ yield; nmr (CDCI3) 6 I .5 (t, 5> CH3), 4.25 (<1» 2, 
CHp), 4 ,85 (s, 1, eg). The product was stored in a freezer until used.
85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Bicyclo[5.1.0]hexane-exo-6-carboxylic was prepared
by the addition of the crude ethyl diazoacetate dropwise to a stirred 
solution of copper sulfate in cyclopentene. No nitrogen was given 
off until the mixture was heated to 65°. After refluxing at 70° for 
4.5 hr, the mixture was cooled and filtered, and the filtrate was 
concentrated and distilled to give a 37^ yield (based on ethyl diazo­
acetate) of ethyl exo-6-bicyclo[3.1.0]hexanecarboxylate, bp 86° (8 mm), 
nmr (neat) 6 I.I9 (t, 3, CH3), 4.05 (q, 2, CH2-CH3), about 4.2 (m, 1, 
CHCOg, overlaps methylene group), 1-2 (m, 8 , ring protons). The ester 
was hydrolyzed by refluxing in 5^ aqueous sodium hydroxide solution 
for 6 hr. The fluffy white crystals which separated upon acidifying 
with hydrochloric acid were recrystallized from hexane to give 6jfo 
o f the exo acid, mp 61-62° (lit"^ ® mp 60°).
BicycZo F4.1.0lheptane-exo-7 -carboxylic acidT® was prepared 
from cyclohexene and ethyl diazoacetate in a manner analogous to 
that used for the bicyclohexane derivative. The acid was prepared in 
22^ 0 yield based on ethyl diazoacetate. After recrystallization once 
from pentane and twice from hexane, the product melted at 9^~99° (lit"^ ® 
mp 97-99°) nmr (CDClg) Ô 1.05-2.3 (two broad peaks, 11, ring protons),
11.8 (s, 1, COOH).
Several electrolysis runs were made for both bicyclic acids. 
Table X shows the conditions of each run. An nmr spectrum of the 
product mixture obtained from the bicyclohexanecarboxylic acid indicates 
the formation of 2-cyclohexen-l-olj nmr (CCI4 ) Ô 3«H (™, 1, OH), 4.1 
(m, 1, CHOH), 5*71 (m, 2, CH=CH) . The integration of the downfield nmr
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Table X
Conditions of Electrolysis of Bicyclo[$.1oO]hexane-exo-6-carboxylie Acid 
and Bicyclo[4.l.Olheptane-exo-T-carboxylic Acid
Acid
(moles)
Sodium Hydroxide 
(moles) Solvent* Rx. time (hr)
Current Density^ 
(amp/cm^)
Recovered 
Acid ( )^
0.04* 0 .03 1:1 7 0.04 85
0 .038* 0.025 1:1 T.5 0.03 62
0.04* 0.03 1 :1 7 0.04 77
0 .08* 0.04 1 :1 13 0.04 68
0 .045^ 0 .03 1 :1 9 0.04 85
0.03T^ 0.02 HgO 9 0.04 74
0.05T^ 0.036 HgO 8 .5 0 .03 71
^Bicyclo [5.1.0 ]hexane-exor6-carboxylic Acid.
^Bicyclo[4,l«0lheptane-exo"7"carboxylic Acid.
^Numbers refer to volume ratios of water:t-butyl alcohol with a total volume of 55 ml.
^Used power source A.
oo
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absorptions fit the alcohol structure, but the upfield region, between 
Ô 0.9 and 1.4, has a greater integration value than the alcohol 
demands, apparently because of impurities or unidentified products 
present. The reported"^® chemical shift for the olefinic protons is 
6 9.72 which matches the chemical shift of the product quite well.
The electrolysis products from the bicycloheptanecarboxylic acid were 
in such small quantity that they could not be identified.
D. 4-Cyclooctene-l-carboxylic Acid
4-Cyclooctene-l-carboxylic acid was chosen for this study 
to investigate the extent of double bond participation in the reactions 
of the intermediate carbonium ion as revealed by the formation of 
bicyclic products. The acetolysis of 4-cyclooctenyl tosylate has been 
investigated, and the major product is 2-bicyclo[$.$.0]octyl acetate, 
indicating participation by the double bond in this solvolysis.
OAc
OTs
HOAc
The unsaturated acid®^ was made by a Grignard reaction from 
the corresponding unsaturated bromide and carbon dioxide. The bromide 
was prepared directly from 1,5-cyclooctadiena, which is commercially 
available and is inexpensive,
A solution of 00 g (1 mole) of hydrogen bromide in I56 g of 
dry acetic acid was added all at once to about 110 g (1 mole) of
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1,5-cyclooctadiene. This mixture was vigorously stirred in a closed 
system at room temperature for 18 hr and then poured over ice. The 
product was extracted into ether, and the ether extract was washed 
three times with sodium bicarbonate, dried, and concentrated to give 
150 g (80^) of 5“hromo-l-cyclooctene, nmr (neat) Ô 1 .5-2.5 (m, 1 0, ring 
protons), 4 .2 8 (m, 1, CHBr), ^.62 (m, 2, olefinic protons). Distilla­
tion of the bromide gave a colorless liquid which rapidly darkened upon 
sitting. Since the bromide did not appear to be appreciably impure, 
distillation was abandoned. The cyclooctenyl Grignard reagent prepared 
in ethyl ether and decomposed by pouring over solid carbon dioxide 
(Dry Ice) yielded 11^ of the unsaturated acid; bp 115° (0.55 mm), 
nmr (CCI4 ) Ô 1.2-2.8 (m, 11, ring protons and CHCOOH), 5*68 (m, 2, 
olefinic protons), 11.8 (s, 1, COOH). When the Grignard reaction was 
carried out in dry tetrahydrofuran (distilled from lithium aluminum 
hydride), the yield increased to 55^*
The electrolysis conditions used for the seven runs made with 
4-cyclooctene-l-carboxylic acid are presented in Table KI. For all 
of these runs the apparatus in Figure 6 was used. Runs (l) and (2) 
were carried out under essentially the same conditions, but on different 
scales. The products were essentially identical from these two runs.
The major products were 4-cycloocten-l-ol [nmr (CCI4 ) Ô 1.2-2.5 (m, 10, 
ring protons), 5.64 (m, 1, CHOH), 5.97 (s, 1, OH), 5*56 (m, 2, olefinic 
protons)] and the Kolbe dimer, bi(4-cyclooctenyl) [bp 156° (^1.5 mm) 
[lit®^ bp 114° (1 mm)Q; ms, parent peak at 218; nmr (CCI4 ) 6 1-2.5
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Conditions of Electrolysis of 4-Cyclooctene-l-carboxylic Acid
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Run Acid (moles) Base (moles) Solvent Rx. time (hr)
Current Density 
(amps/cm^)
Recovers 
Acid (^ )
0.050 0.055^ 25 ml, HaO 21 0 .05 59
2^ 0 .15 0.0T5^ 50 ml, HgO 21 0 .05 56
5^ 0.04 -o.oi"^ 60 ml, DMF 18 0 .01 15
0.066 ~  0 .01^ TO ml, CH3CN IT
5" 0 .02 — 40 ml, HgO 2 ~  0 .5 4o
6^ 0 .11 — — 50 ml, H2O 8 ~  0 .06 72
0 .11 0.05° 50 ml, H2O T 57
^sed power source A. 
^Used power source B. 
^Sodium hydroxide, 
^Diisopropylamine.
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(m, 22, ring protons), 5*58 (m, 4, olefinic protons)]. These two 
products were isolated by distillation in a 2:1 alcohol:dimer ratio; 
no other products were detected.
One electrolysis (Run 5) was carried out with an aprotic 
solvent, dimethyIformamide, and an amine base, diisopropylamine.®® The 
product mixture was diluted with $00 ml water and worked up in the usual 
manner. For preliminary gc work, three gc columns were used [10 ft 
and 12 ft Carbowax 20 M and 12 ft tricresyl phosphate at 90-100°], but 
none gave entirely satisfactory separation of the isomeric hydrocarbons 
present. The hydrocarbons detected and their relative gc trace areas 
were:
Bicyclo[3.5.0]octane ->^ 10^
Bicyclo[4.2.0]octane 12
Bicyclo[$ .1.0]octane 1.$
Cyclooctene $0
l»3"Cyclooctadiene 6
1.4-Cyclooctadiene 16
1.5-Cyclooctadiene 2.$
Percentages are the average of values obtained with Carbowax 20 M 
and tricresyl phosphate gc columns. The product mixture was distilled 
and subjected to nmr and ms analysis. The Kolbe dimer was isolated in 
22^ yield; a second product, identified as a dimethylformamide 
substitution product, was isolated in yield. The yields represent 
the minimum amount present, as some product was unavoidably lost upon 
distillation. The substitution product probably arises from a radical 
process,®®
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0 %  0  /  \  *C H a  0
\  «I II I \  II
^NCH ----------^  II I + ,NCH
GHq \  /  CH;
IV
IV
CHaN-CH
V
The compound identified as V has m/e peaks at 181 (parent peak) and 
72 (CgHgNO), and an ir carbonyl absorption at Another
product, a white solid having 52.5^ C, 12.0^ H, and 8.4^ N, was 
collected in the cold trap in the electrolysis reaction. The solid 
could be easily sublimed at 150° (1 mm) but was not identified.
When the aprotic solvent, acetonitrile, was used, a polymer 
formed on the carbon anode and prevented current flow.
Runs 5 and 6 were carried out with the sodium salt of the 
acid so that an exact equivalent of base would be present. Neither 
run gave product mixtures significantly different than those from 
runs 1 and 2. In run 7 an attempt was made to use less than 0.5 
equivalent of base, but in less than an hour after the electrolysis 
was started, the entire reaction mixture became a very thick gel.
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This gel dissolved quite readily in base, so base was added and the 
electrolysis continued. Less than Vjo of products was obtained.
E, 2-Phenylcyclohexane-l-carboxylic Acid
2-Phenylcyclohexane-l~carboxylic acid was selected for this 
study for two reasons. The products of electrolysis might reveal the 
preferred direction of attack on the cyclohexyl cation, or indicate 
how prevalent is phenyl bridging in the mechanism of the reaction.
The acid was prepared by Diels-Alder addition of cinnamoyl 
chloride and butadiene in toluene at lT5° under 120 psi pressure for 
14 hr. The acid was regenerated from the acid chloride, and the 
cis and trans isomers were separated by fractional recrystallization 
from petroleum ether. The trans acid was hydrogenated over a 
palladium-on-carbon catalyst to give trans-2-phenylcyclohexane-l- 
carboxylic acid, mp 107.5-108.5° (lit®^ mp 106-107°). This acid was 
subjected to electrolysis, but in five runs it yielded no products at 
alio Apparently the acid, which was recovered essentially quantita­
tively, is extremely resistant to electrolysis.
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